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ABSTRACT
ESTABLISHING A MOLECULAR BASIS FOR RARE EARTH
SEPARATIONS: PROGRESS TOWARDS RARE EARTH
RECYCLING THROUGH COORDINATION AND REDOX
CHEMISTRY
Bren E. Cole
Eric J. Schelter

The rare earth elements (La–Lu, Sc and Y) are used in a variety of modern
technologies due to their unique optical and magnetic properties. However, extraction and
purification of individual rare earth elements is a challenging process that requires
significant amounts of energy and generates large quantities of waste. This work focuses
on the development of simple, single-step rare earth separation procedures that depend
upon a tripodal nitroxide ligand framework. Optimization of solvent conditions for these
separations was conducted for targeted rare earth combinations, demonstrating the
tunability of the separation procedures. Derivatization of the tripodal ligand framework
demonstrated that changing the electronic properties of the rare earth complexes led to
modification of their underlying properties, allowing for efficient separations in greener
alternative solvents. Preparation of a tris(nitroxide) tripodal, radical proligand was
confirmed by magnetometry and electron paramagnetic resonance studies. Reaction of
the isolated tri-radical species with different rare earth complexes revealed significantly
different reaction rates that allowed for the development of a chelation-driven kinetic
separation process for rare earth elements.
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Chapter 1
Properties of the Rare Earth Elements and Challenges of
Separations

1.1 An Introduction to the Rare Earth Elements
The rare earths (RE) are a group of 17 elements that include the lanthanides, La–
Lu, and the group III transition metals, Y and Sc. Many of these notable elements exhibit
interesting electronic and magnetic properties that have made them desirable materials
for use in many areas of technology. Neodymium iron boron rare earth permanent
magnets are used in applications such as wind turbine generators for superior
performance with minimal weight and size.1 These permanent magnets consist mostly of
neodymium (Nd) and praseodymium (Pr) with 0-9% weight dysprosium (Dy) and are
sometimes doped with small amounts of terbium (Tb). 1-4 Rare earth elements like
europium (Eu) and yttrium (Y) are used in the red light phosphor, YOX, which is used in
CFLs and flat-panel displays.1, 5-6 Rare earth elements like lanthanum (La) and cerium
(Ce) are used in additives or catalysts for fluid catalytic cracking processes in oil refining
to increase gasoline yield and reduce air emissions. 1 The most common nickel metal
hydride (NiMH) batteries that are used in hybrid-electric vehicle batteries employ a mixture
of early RE metals known as mischmetal, that consists of La, Ce, Nd and Pr.1, 7 Clearly,
the rare earth elements are an important set of materials for emerging green technologies
within the next few decades. In a 2011 Critical Materials Strategy, the U. S. Department
of Energy defined key rare earth elements like neodymium and dysprosium as “critical
materials” because of their use in technologies(Figure 1.1.1).1
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Figure 1.1.1. The Medium-Term (5-15 years) Criticality Matrix for sixteen metals used in
clean energy technologies. Credit: U.S. Department of Energy, Critical Materials Strategy
2011.1
Despite their misleading name, the “rare earth elements” are moderately abundant
elements in the Earth’s crust, with abundances similar to those of base metals commonly
used in industrial processes. For example, the relative abundance of neodymium (Nd) is
of a similar magnitude of that of copper (Cu) and nickel (Ni) (Figure 1.1.2).8 However,
unlike their base and precious metal counterparts, rare earth elements do not tend to
naturally concentrate into high-value ore deposits.8-9 Consequently, due to pre-existing
infrastructure and relatively fewer environmental regulations, more than 95% of the global
rare earth element supply was produced within the People’s Republic of China as of
2011.1, 10
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Figure 1.1.2. The abundance (atom fraction) of the chemical elements in the Earth’s upper
continental crust versus atomic number, courtesy of the U.S. Geological Survey.8
In addition to the low concentration of rare earth elements in deposits found within
the Earth’s crust, the key challenge for their extraction is separating rare earth elements
from one another. Rare earth elements are found in nature as ores that contain mixtures
of rare earth elements; bastnäsite (REFCO3) contains La, Ce, Pr, and Nd, and monazite
((REEarly, Th)PO4) contains La, Ce, Pr, Nd, and Sm, while xenotime ((RELate)PO4) is
enriched in Gd, Dy, Ho, Er, and Yb.9, 11 Extraction of these elements for use in electronic,
optical, and magnetic applications requires the separation of 99.999% pure elements from
such mixtures.9 However, efficient separations of rare earth elements is challenging due
to their similar chemical and physical properties.
The lanthanides, which comprise most of the rare earth elements, are the lightest
elements in the Periodic Table that involve filling the 4f principle quantum shell with
electrons. As such, the properties of the 4f orbitals affect some properties of the lanthanide
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series. Due to strong shielding from the filled 5s and 5p orbitals, the 4f orbitals are
significantly contracted. This effect causes the 4f orbitals to be more stabilized and
contracted than the 5d orbitals, preventing participation in bonding with ligand orbitals
(Figure 1.1.3).9, 12-13 As such, the properties of rare earth elements tend to be different
from their transition metal counterparts. Rare earth elements exist predominantly in the 3+
oxidation state and are highly oxophilic, preferring hard, anionic donors in complexes. Due
to the “core-like” nature of the 4f valence orbitals, rare earth elements experience minimal
perturbation from ligand-field effects, giving rise to unique electronic spectra and magnetic
properties.9, 14-15 Bonding for rare earth cations is thus largely ionic and nondirectional,
leading to coordination numbers of eight or nine and coordination geometries that are
determined by steric effects of the ligands.9
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Figure 1.1.3. Calculated radial distribution functions for the Sm 3+ ion, highlighting the
contracted nature of the 4f orbitals.12 Figure reproduced with permission from the Royal
Society of Chemistry © 2004.
The contracted nature of the 4f orbitals also contributes to notable periodic trends
across the lanthanide series, including a systematic decrease in ionic radius known as the
“Lanthanide Contraction”.9, 16 As the atomic number of lanthanide elements increases from
lanthanum to lutetium, the outer 5s and 5p electrons experience an increased nuclear
charge, due to poor shielding of the 5s and 5p orbitals by the 4f electrons. As a result, the
outer orbitals of the lanthanides incrementally contract with increasing nuclear charge,
leading to a systematic decrease in ionic radii across the lanthanide series (Figure 1.1.4).
The “Lanthanide Contraction” also leads to a systematic increase in Lewis acidity, as
smaller lanthanide cations must distribute an equal amount of positive charge across
smaller ionic radii. The result is an increase in Lewis acidity with increasing atomic number,
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which is reflected in the observed increase in hydration enthalpy across the lanthanide
series shown in Figure 1.1.4.9

Figure 1.1.4. Hydration enthalpy (blue) and ionic radius (red) of the trivalent lanthanide
cations. Reproduced with permission from Dr. Justin A. Bogart, University of Pennsylvania
© 2015.
The challenges associated with rare earth element separations were summarized
by D. A. Johnson, who wrote: “The lanthanide elements behave similarly in reactions in
which the 4f electrons are conserved, and very differently in reactions in which the number
of 4f electrons change”.17 That is, a few select rare earth elements with accessible
oxidations states other than 3+, can be separated and purified from mixtures fairly easily
by chemical means. Tetravalent cerium ions may be formed by roasting the rare earthcontaining ore to oxidize cerium ions to the accessible 4+ oxidation state. 18 Similarly,
europium, samarium, and ytterbium can be reduced to an accessible 2+ oxidation state
and separated as the divalent ions.18 However, efforts to separate and purify the rest of
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the rare earth elements have relied upon the small differences in ionic radius and Lewis
acidity described above. The differences between lanthanides are minor for elements
adjacent to one another on the periodic table, and taking advantage of these small energy
gaps to afford quantitative separations has been challenging.
Several different separations processes have been developed to exploit the small
differences between lanthanides: these methods include fractional crystallization, ion
exchange chromatography, and solvent extraction.9 Fractional crystallization, was first
used on mixtures of lanthanides in 1911 by C. James in which slight differences in the
solubilities of the lanthanide bromate salts (Ln(BrO 3)3·9H2O) were used to serially
crystallize samples to purify the least-soluble lanthanide species. This method was first
demonstrated with 15,000 recrystallizations to obtain a pure sample of thulium bromate.19
Later procedures based upon this method employed other lanthanide sources such as
ethyl sulfate salts (Ln(C2H5SO4)3·9H2O), and double nitrates (LnM(SO4)2, M = Na+, K+, or
NH4+).9 The first fast high-purity separation of the lanthanides became feasible when
Spedding et al. used ion-exchange chromatography to separate lanthanide ions from one
another.20-21 In this method, a mixture of trivalent lanthanides was adsorbed onto Amberlite
IR-1 or Amberlite IR-100 exchange resin, then eluted with buffered citric acid solutions as
a complexing agent.22-23 The citric acid complexing agent exhibited a slight preference for
binding with the heavier, smaller rare earth cations, allowing for quick purification of small
samples of rare earth mixtures. However, when this approach was scaled up to high
concentrations, the eluted fractions exhibited significant overlap of lanthanide species. 9, 24
The first scalable method for lanthanide separations, solvent extraction, was
developed in the 1950s-60s and is currently the most common method by which industrialscale lanthanide separations are conducted. In this method, a mixture of rare earth
elements is prepared in an acidic solution (usually hydrochloric or nitric acid) to afford an
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aqueous mixture of trivalent rare earth cations.18 This aqueous solution is then brought
into contact with an immiscible organic solvent that contains an extractant such as
tributylphosphate

((BuO)3PO),

bis(2,4,4-trimethylpentyl)monothiophosphonic

acid

(CYANEX 302), or di-(2-ethylhexyl)phosphonic acid (HDEHP).9, 11, 25 These extractants
feature hard, anionic donors that selectively bind to lanthanide species, exhibiting slightly
higher binding affinities for the heavier, smaller rare earth cations due to their increased
Lewis acidity. After prolonged agitation of the two immiscible solutions, the recovered
organic portion exhibits a small enrichment of the heavy rare earth elements, while the
recovered aqueous portion becomes slightly enriched in the light rare earths (Figure
1.1.5).25 However, distribution of rare earths between the two fractions is determined by
the selectivity of the extractant, which depends upon gradual changes in Lewis acidity
across the lanthanide series. This property leads to very low separation values for a single
liquid-liquid extraction step, particularly for adjacent lanthanides. Because the separation
between adjacent lanthanides is minimal, this process is industrially performed using an
automated continuous counter-current circuit and over a thousand exchanges are used to
afford lanthanides of purity up to 99.9%.9 As a result, this process requires large amounts
of solvent and energy to generate pure lanthanide materials, and produces large amounts
of waste in the process.

8

Figure 1.1.5. Schematic representation of the automated counter-current circuit used in
industrial liquid-liquid extractions methods for the separation of trivalent rare earths.
Adapted with permission from Molycorp, Inc. © 2013.
Several attempts have been made to increase the separations efficiency of a single
step of the liquid-liquid extractions process by modification of the extractant species. 26-30
In these studies, extractive properties were assumed to be related to rare earth
coordination complexes and correlated to the corresponding binding constants. However,
studies on solvent extraction processes have shown that “third-phase formation” may
occur upon high metal-acid loading of the organic phase, in which a third layer appears at
the biphasic interface (Figure 1.1.6 depicts a mixer-settler stage in which “third-phase
formation” may occur).31-32 Notably, work by M. Antonio and others has shown that
mesoscopic assembly of higher-ordered reverse micelle aggregates may occur at the
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biphasic interface in the “third-phase”, and that formation of these assemblies may
determine the separation capacity rather than the properties of the rare earth coordination
complexes.33-36 The complexity of mesoscopic influences on the macroscopic liquid-liquid
extraction system limits the opportunity of optimization of the extractant species and of the
overall separations system.

Figure 1.1.6. Schematic representation of a mixer-settler for continuous operation,
reproduced with permission from the Royal Society of Chemistry © 2014.25
Due to the challenges in optimizing solvent extraction techniques for advancing
energy and waste efficient methods, the development of a new approach to rare earth
separations is desirable. Several alternative rare earth separation techniques have been
demonstrated

including

selective

crystallization,37-39

photo-redox

processes,6,

40

biosorption,41-42 bio-inspired mineralization,43 or functionalized mesoporous materials.44-47
However, the field would benefit from a rare earth separations system in which deliberate
changes to the electronic properties of the supporting ligand have a demonstrable impact
on the separation results by changing the underlying properties (solubility, binding affinity,
etc.) of the rare earth complexes. The research in this dissertation aims to address this
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topic by investigating the coordination chemistry and separation performance of a set of
chelating ligands to determine the molecular basis for the rare earth separation system.
1.2 Outline of the Dissertation
The major goal of the research presented in this dissertation was the development
of a family of rare earth element separation systems based upon an understandable and
predictable molecular basis. The rare earth separation systems were based upon the
chelating,

tripodal

hydroxylaminato

ligand,

H 3TriNOx

(tris(2-tert-

butylhydroxylaminato)benzylamine), which was coordinated to rare earth cations to form
RE(TriNOx)(L) (RE = La, Nd, Eu, Dy, Y)(L = tetrahydrofuran (THF), water (H 2O))
complexes. Rare earth separation results were correlated to parameters for these
complexes including axial ligand dissociation temperature from thermal gravimetric
analyses, solid-state bond metrics, percent buried volume (%Vbur) calculations, selfassociation equilibrium constants (Kdimer), and solubility properties. Derivatization of the
ligand backbone resulted in targeted alterations of these metal complex parameters, which
affected the separations results in a rational manner. Synthesis of TriNOx-analogs such
as the tri-radical species, tris(2-tert-butylnitroxide)benzylamine, led to orthogonal
separation methods, namely rare earth separations based upon changes in chemical
kinetics. The results presented in this dissertation contribute to a better understanding of
a rare earth separations system based upon molecular design principles, and have
implications for design of improved separations systems for the future.
In Chapter 2, the results of REEarly/RELate separations with the parent H3TriNOx
ligand set are reported, followed by the optimization of separation conditions for a targeted
combination of industrially relevant rare earths. These results demonstrate that a TriNOxbased rare earth separations system may be modified to achieve improved separation
efficiency for a desired rare earth combination. However, one major disadvantage of the
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TriNOx separations system is the air-sensitivity of the RE(TriNOx) complexes. In this
chapter, attempts were made to understand the moisture-sensitivity of RE(TriNOx)
complexes, and to develop a benchtop-stable version of the RE(TriNOx) separations
system.
In Chapter 3, the synthesis and characterization of the methoxy-substituted
TriNOx derivative, tris(2-tert-butylhydroxylamine-5-methoxy)benzylamine (H3TriNOxOMe),
and the preparation of its rare earth complexes is reported. The corresponding
RE(TriNOxOMe) complexes exhibited an increased self-association constant, which led to
an increased solubility in organic solvents such as benzene and toluene. The changes in
the dimerization equilibrium constant (Kdimer) and solubility of the methoxy-substituted
complexes were attributed to more electron-rich hydroxylamine arms of the ligand from
the electron-donating characteristics of the methoxy substituent. These alterations to
RE(TriNOxOMe) complexes allowed for efficient separations in an alternative green solvent,
toluene, for the first time.
In Chapter 4, the synthesis and characterization of new tripodal hydroxylamine
(TriNOxR) derivatives is reported. Results from the methoxy-substituted TriNOx ligand
derivative encouraged the preparation of a complete family of derivatives with varying
electron-donating and electron-withdrawing properties. As such, H3TriNOxR (R = 4-tBu, 5Ph, and 4-CF3) derivatives were prepared from commercially available starting materials.
The H3TriNOxtBu, H3TriNOxPh, and H3TriNOxCF3 ligands were prepared in 2-7 steps with
overall 15-45% yields. Each ligand derivative was fully characterized by NMR
spectroscopy, IR spectroscopy, accurate mass measurement, elemental analysis, and Xray crystallography.
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In Chapter 5, the synthesis and characterization of RE(TriNOxR) (R = 4-tBu, 5-Ph,
and 4-CF3) complexes is reported. A comparison of the parameters of the newly-prepared
RE(TriNOxR) complexes to the parent and methoxy-substituted analogs contributed to a
better understanding of the molecular basis for RE(TriNOxR) separations. Rare earth
separations using a catalog of organic solvents were consistent with the properties of the
RE(TriNOxR) complexes, further supporting the molecular basis that we ascribed to the
TriNOx separations system. Finally, Nd/Dy and Eu/Y separations were performed for each
TriNOxR derivative using optimized conditions for each ligand.
In Chapter 6, a new kinetic rare earth separations system is described, based
upon different rates of reactivity between rare earth cyclopentadienides and a tri-radical
tris(2-tert-butylnitroxide)benzylamine species. The new tri-radical species, prepared from
H3TriNOx, was characterized by SQUID magnetometry and EPR spectroscopy, among
other techniques. Kinetics experiments were performed to determine the difference in
rate constants for the reaction between the tri-radical and RE(Cp3)3 species (RE = La,
Y). Addition of an equivalent of the tri-radical to an equimolar solution of La:Y
cyclopentadienide complexes followed by filtration of the reaction mixture accomplished
redox-driven chelation of the ligand to perform kinetic separations of the rare earth
elements.
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Chapter 2
Optimization of Eu/Y(TriNOx) Separations and Efforts Towards a
Benchtop Separations System

Abstract
Rare earth metals are critical components of electronic materials and permanent
magnets. Recycling of consumer materials is a promising new source of rare earths. To
incentivize recycling there is a clear need for the development of simple methods for
targeted separations of mixtures of rare earth metal salts. Metal complexes of a tripodal
hydroxylaminato ligand, TriNOx3–, featured a size-sensitive aperture formed of its three
η2-(N,O) ligand arms. Exposure of cations in the aperture induced a self-associative
equilibrium comprising RE(TriNOx)(THF)/[RE(TriNOx)]2 species. Differences in the
equilibrium constants Kdimer for early and late metals enabled simple separations through
leaching. Separations were performed on REEarly/RELate mixtures, were REEarly = La-Eu and
RELate = Gd-Lu, with separation factors approaching 2,000 for some early-late RE
combinations. However, a relatively mediocre Eu/Y separation factor (SEu/Y = 20.4)
provoked development of an optimization of separation conditions for this technologically
relevant rare earth element mixture. Separations were performed on Eu/Y separations for
potential applications in recycling of phosphor waste from compact fluorescent light bulbs.
Following solvent optimization, >95% pure samples of Eu were obtained with a 67%
recovery for the technologically relevant Eu/Y separation. Efforts were also made to
establish a benchtop-stable RE(TriNOx) separations system, but limitations of complex
synthesis in the presence of moisture led to diminished separations efficiency.

Adapted with permission from work previously published in Proc. Natl. Acad. Sci. 2016,
113, 14887-14892. © 2016

17

2.1 Introduction
Rare earth elements, La–Lu, Y and Sc, have applications in many technologies,
including permanent magnets,1-5 NiMH batteries,6-9 and lamp phosphors.10-13 Limitations
associated with their beneficiation and separations, especially their solvent-, waste- and
energy-intensities, have contributed to concentration of suppliers in the People’s Republic
of China and supply risks for these elements, particularly in the face of current and growing
demand in the next 20 years.14-15 Because the global marketplace for these elements is
dominated by a single source,16 the marketplace for primary RE materials is volatile.17 As
a result, the U.S. Department of Energy has classified many of these elements as
“critical”.18 There is a clear need to find potential new supplies of these elements.
Rare earth elements used in phosphors for compact fluorescent light bulbs
represent 32% of the rare earth market share, comparable to the 38% for permanent
magnetic materials.19 Lamp phosphor waste consists of the non-rare earth containing
halophosphate, (Sr, Ca)10(PO4)6(Cl,F)2:Sb3+,Mn2+ (HALO, 40–50%) and rare-earth
containing components, Y2O3:Eu2+ (YOX, 20%), LaPO4:Ce3+,Tb3+ (LAP, 6–7%),
BaMgAl10O17:Eu2+ (BAM, 5%), and small quantities of other phosphors such as
(Ce,Tb)MgAl11O19 (CAT) and (Gd,Mg)B5O10:Ce3+,Tb3+.20 Of these, YOX has the highest
intrinsic value since it contains 80 wt% of the total rare earth content of the phosphor waste
and is composed exclusively of the two critical rare earth elements, Y and Eu. As such,
recent developments in the recycling of phosphor materials have largely focused on the
recovery of Eu and Y from YOX.10, 21-27 To contribute to incentivizing the recycling of rare
earth-containing materials, we undertook efforts towards new, simplified methods for rare
earth separations.
Previous work by our group established that rare earth complexes of the tripodal
hydroxylaminato ligand, RE(TriNOx)(THF), exhibited a monomeric, C3-symmetric
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coordination environment with each hydroxylamine arm coordinated in a κ2-(N,O) fashion,
while the apical positions were occupied by a molecule of tetrahydrofuran. 28-29 However,
for the larger, early rare earth elements, RE = La–Eu, evidence for a dimeric species, the
result of the self-association of two monomeric units, was observed by

1

H NMR

spectroscopy and X-ray crystallography.29 It was determined that the dimeric
[RE(TriNOx)]2 species were more soluble in organic solvents such as benzene,
representing the basis for an early/late rare earth element separation system. Here, we
establish the performance of our early/late RE separations system for a better
understanding of the basis of separation, in an effort to allow optimization of separation
conditions for an industrially-relevant target mixture such as Eu/Y.
One clear disadvantage of the RE(TriNOx) separations system is the moisturesensitivity of the rare earth complexes that form the basis of the separations procedure.
RE(TriNOx) complexes were previously observed to decompose slowly upon exposure to
air, but investigations about this process have not been made. 28 For development of a
benchtop rare earth separations system, a better understanding of the decomposition
product of RE(TriNOx) complexes exposure to air must be attained. The interaction of
water molecules with RE(TriNOx) species will be of particular interest, as these
interactions may also be utilized for separations purposes.
2.2 Results and Discussion
Previous work from our group established the preparation and characterization of
a

tripodal

hydroxylamine

ligand,

tris(2‐tert‐butylhydroxylaminato)benzylamine

(H3TriNOx).28 Upon deprotonation, this ligand featured hard, anionic hydroxylamine
donors anchored to a trisbenzylamine moiety, providing a highly-coordinating environment
tailored for rare earth cations.
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Scheme 2.2.1. Synthesis of H3TriNOx.28
Work in the group, performed by Dr. Justin Bogart, revealed that coordination of
H3TriNOx to rare earth cations could be accomplished by two reaction pathways (Scheme
2.2.2) RE(TriNOx)(THF) (RE = La-Lu, Y) complexes were synthesized by the protonolysis
reaction between H3TriNOx and the corresponding RE[N(SiMe 3)2]3 reagent (Reaction A),
or by the one-pot reaction starting from the RE(OTf)3 salt, H3TriNOx, and K[N(SiMe3)2] (3
equiv.) (Reaction B).29

Scheme 2.2.2. Preparation of RE(TriNOx)(THF) complexes by protonolysis (Reaction A)
and salt metathesis (Reaction B).29
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Evidence for the self-association of RE(TriNOx) complexes was observed by Dr.
Bogart in the 1H NMR spectra of RE(TriNOx)(THF) (RE = La-Sm) in C6D6, indicating the
presence of a dimeric [RE(TriNOx)]2 species for early rare earth complexes (Scheme
2.2.3).29 However, no such speciation was observed for the later rare earth complexes,
RE(TriNOx)(THF) (RE = Eu-Lu). Additionally, a significant difference was observed for the
solubility of early rare earth complexes like Nd(TriNOx)(THF) and late rare earth
complexes like Dy(TriNOx)(THF) in C 6D6 (60 mmol/L, 1.2 mmol/L, respectively), indicating
that the dimeric species [RE(TriNOx)]2, accessible only to early RE cations, exhibited high
solubility in benzene.28 Titration of C 6D6 solutions of [RE(TriNOx)]2 (RE = La-Sm) with THF
allowed for the calculation of the corresponding self-association equilibrium constant,
Kdimer.

Scheme 2.2.3. Dimerization equilibrium for early RE(TriNOx)(THF) complexes.
The results of these experiments indicated that the equilibrium constants
decreased by an order of magnitude between adjacent RE ions as the series was
traversed from larger to smaller ions (Figure 2.2.1). The decrease in self-association
equilibrium constants across the series was attributed to the closure of the molecular
aperture formed by the oxygen atoms of the TriNOx3–ligand, which increased the steric
clash in the approach of a second molecule of RE(TriNOx). The linear correlation of log
Kdimer to metal cation radius allowed for the estimation of the dimerization equilibrium
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constants for the later cations (RE = Eu-Lu). According to these predictions, there was an
∼1011-fold decrease in the self-association equilibrium constants across the series as a
result of the corresponding 0.18-Å decrease in ionic radii.

Figure 2.2.1. Correlation between the logarithm of the experimentally determined selfassociation constants, log Kdimer, for the series of RE(TriNOx)(THF) complexes, RE = LaSm (red circles) and extrapolated log Kdimer values for the RE(TriNOx)(THF) complexes,
RE = Eu-Lu (blue circles).29
The dimerization equilibrium constants indicated that the success of the previously
reported separations method for purifying Nd/Dy mixtures resulted from the large
difference in propensity to form dimeric species in benzene solutions between
Nd(TriNOx)(THF) (Kdimer = 2.4 ± 0.2) and Dy(TriNOx)(THF) (Kdimer ∼ 1.3 × 10−5).28 A similar
difference in propensity to form dimeric species in benzene solutions was estimated
between Eu(TriNOx)(THF) (Kdimer ∼ 3.6 × 10−3) and Y(TriNOx)(THF) (Kdimer ∼ 4.2 × 10−6).29
The 103-fold decrease in magnitude of Kdimer between Eu(TriNOx)(THF) and
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Y(TriNOx)(THF) was promising for targeted separations of these ions. However,
optimization of these separations necessitated a more complete understanding of the
TriNOx3–-type ligand system across the complete series of early/late RE combinations.

Scheme 2.2.4. Separations procedure for RE(TriNOx)(THF) mixtures (RE Early = La, Ce,
Pr, Nd, Sm, Eu; RELate = Gd, Tb, Dy, Y, Ho, Er, Tm, Yb, Lu).
Separations were performed, by both Dr. Justin Bogart and myself, on mixtures of
RE1/RE2(TriNOx)THF combinations, REEarly = La–Eu, RELate = Gd–Lu, and Y. These
mixtures were prepared by reacting 50:50 mixtures of REEarly/RELate(OTf)3 with 2 equiv.
H3TriNOx

and

6

equiv.

of

K[N(SiMe 3)2]

in

THF.

Leaching

of

the

solid

REEarly/RELate(TriNOx)THF with 4 mL of benzene followed by a wash of 1 mL of benzene
produced a filtrate portion enriched with REEarly and solids enriched with RELate. The molar
ratios of the two rare earth elements in the filtrate and solid fractions were determined by
1

H NMR spectroscopy and ICP-OES. From these data, the separations factors,

S(RE1/RE2),could be computed according to the equation SREEarly/RELate = Dsolid · Dfiltrate.
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The enrichment factors, D, were determined as the molar ratio of the enriched RE species
to the minor RE species in each sample. As such, Dfiltrate was calculated as nREEarly/nRELate
and Dsolid as nRELate/nREEarly, where n is the molar ratio of RE species determined by 1H
NMR spectroscopy or ICP-OES. The results of the REEarly/RELate separations are included
Table 2.2.1. In general, the separations factors, SREEarly/RELate, increased from larger to
smaller RELate ions across each row for a given REEarly ion. Furthermore, down each
column for a given RELate ion, the separations factors decreased from larger to smaller
REEarly ions. These trends were expected due to the greater tendency of the larger RE
ions to form higher concentrations of dimeric species and be extracted into the benzene
solutions. In particular, it was observed that Eu separations exhibited the lowest
separation factors among the REEarly combinations, which was attributed to the low selfassociation constant for Eu(TriNOx)(THF). Notably, the trends were not systematic and
breaks in the separation factors were observed, in particular for the very late RE Late ions
in each row and the very early REEarly ions in each column. These NMR spectroscopy data
were corroborated by ICP-OES data on the Nd/RELate and REEarly/Dy separations, which
showed good agreement with the 1H NMR spectroscopy results.
Table 2.2.1. Separations factors, SRE1/RE2, for the series of REEarly/RELate.a
REEarly

Gd

Tb

(2.72)

133
(179)
35.8

Dy
182
(54.4)b
495
(276)
355
(224)
302
(359)
55.6

(3.17)

13.6

38.2

La

(7.32)

a

91.0

Ce

(58.4)

60.2

Pr

(20.2)

457

Nd

(64.0)

Sm
Eu

Y

RELate
Ho

Er

Tm

Yb

Lu

341

834

176

1194

239

90.9

122

337

260

1942

138

520

485

920

226

259

286

610

319
(450)
61.6
20.4
(39.2)

532
(1089)
119

1222
(1220)
46.4

29.4
(38.5)
36.6

181
(175)
57.3

39.6
(660)
106

77.4

22.0

72.4

26.9

10.7

a

Values in parentheses obtained from the ICP-OES data. bDifferences between the ICPOES and NMR results are discussed in the text.

24

The separations factor of 20.4 for the Eu/Y(TriNOx) mixtures and operational
simplicity of the method had potential implications in the recycling of rare earth containing
phosphor materials. Furthermore, the high enrichment factor of 12.1 for europium in the
filtrate fraction suggested that the small separations factor was a result of limited solubility
of Eu(TriNOx)(THF) in benzene solution but that pure samples of europium could be
obtained with this separations method. We hypothesized that the use of polar, noncoordinating solvents would lead to an increase in the solubility of Eu(TriNOx)(THF). As
such, we attempted the separation of Eu/Y mixtures in a number of non-coordinating
solvents with various dielectric constants (Table 2.2.2).30 While no correlation was found
between dielectric constant and separation factor, the low solid enrichment factor and high
filtrate enrichment factor for diethyl ether were of interest. Increasing the volume of ether
from 4 mL to 15 mL resulted in a separation factor of 62.2, while stirring the solids in 15
mL ether twice and combining the filtrate portions resulted in a separation factor of 189.
This value is higher than the reported corresponding values for Cyanex-302 (SEu/Y = 116)
and HDEHP (SEu/Dy = 3.83, SEu/Ho = 4.74).31-32 Thus, a simple optimization of solvent
washes improves targeted separations of Eu/Y.
Table 2.2.2. Enrichment factors, Dfiltrate and Dsolid, and separations factors, SEu/Y, for Eu/Y
mixtures in solvents with dielectric constant, ε r.

benzene
toluene
fluorobenzene
chlorobenzene
dichloromethane
α,α,α-trifluorotoluene
diethyl ether
15 mL diethyl ether
(x2)

εr

Dfiltrate

Dsolid

SEu/Y

2.2825
2.379
5.465
5.6895
8.93
9.22
4.2666

12.1
9.84
4.78
14.1
0.927
3.65
3.47

1.69
1.68
9.48
2.65
1.16
0.94
1.03

20.4
16.6
45.3
37.6
1.08
3.42
3.57

4.2666

26.7

7.07

189
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The results described above highlight that the advantages of the RE(TriNOx)
separations system are its simplicity and tunability. After one filtration step after stirring
the mixture of rare earth elements yields >95% pure filtrate and solid samples in the most
efficient cases. For the less-efficient rare earth combinations, adjustments to the
separation conditions may increase the purity of samples, demonstrating tunability of the
process. However, a major drawback of the RE(TriNOx) system is that it was conducted
in an inert atmosphere devoid of moisture, as rare earth chemistry is sensitive to traces of
water. Typically, rare earth complexes easily undergo acid hydrolysis, as the coordination
of water molecules to the rare earth cation increases the acidity of the corresponding
protons.33 Additionally, the insolubility of rare earth hydroxides drives the hydrolysis
reaction, promoting complete decomposition of the RE complex. To further simplify the
RE(TriNOx) separations system, and to tackle one of its most apparent limitations, we
sought to develop a benchtop-stable variation of the described system.
To confirm the viability of RE(TriNOx) compounds in a benchtop system, the
stability of the compounds in air was assessed. CDCl3 and pyridine-d5 solutions of
Nd/Dy(TriNOx)(THF) were exposed to air and monitored against a ferrocene internal
standard to determine the degree of decomposition using 1H NMR spectroscopy. After 6
hours of exposure to air, Nd(TriNOx)(THF) exhibited 41% decomposition in CDCl3 and
39% decomposition in pyridine-d5, while Dy(TriNOx)(THF) exhibited 14% decomposition
in CDCl3 and 13% decomposition in pyridine-d5. Notably, for both RE(TriNOx)(THF)
compounds, decomposition led to a single TriNOx-containing product according to 1H
NMR spectra (Figures 2.2.2-2.2.3). Identification of the decomposition product of
RE(TriNOx) complexes upon exposure to air was crucial to the development of a
benchtop-stable separations system, so efforts were made to determine the identity of this
product.
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Figure 2.2.2. Stability test for Nd(TriNOx)(THF) in pyridine-d5.

Figure 2.2.3. Stability test for Dy(TriNOx)(THF) in pyridine-d5.
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Slow evaporation of a diethyl ether solution of Nd(TriNOx)(THF) was performed
with

exposure

to

air

for

2

days.

Under

these

conditions,

the

insoluble

Nd(TriNOx)(H 2O)·H2O species precipitated as colorless crystals (Figure 2.2.4). The
structure of Nd(TriNOx)(H2O)·H2O featured an extensive hydrogen bonding network
among the water molecules bound to the Nd(TriNOx) framework. Nd(TriNOx)(H 2O)·H2O
exhibited limited solubility properties, as it was only soluble in pyridine, likely due to the
hydrogen bonding network observed in the solid-state structure. Importantly, solid-state
samples of Nd(TriNOx)(H2O)·H2O were found to be stable on the bench for weeks at a
time, encouraging the possibility of the development of a benchtop separations system
with the TriNOx framework.

Figure 2.2.4. Thermal ellipsoid plot of Nd(TriNOx)(H 2O)·H2O at the 30% probability. tBu
groups depicted in wire frame, hydrogen atoms, except for those of water molecules,
omitted for clarity.
The observation of a stable water-containing RE(TriNOx) species suggested that
a benchtop synthesis of RE(TriNOx) complexes may be feasible. However, the base used
in the first step in our original separations system, K[N(SiMe3)2], is unstable in air (Scheme
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2.2.4), necessitating an investigation of alternative air-stable bases for the synthesis of
RE(TriNOx) species. Syntheses employing weak, air-stable bases like triethylamine and
1,1,3,3-tetramethylguanidine led to no reaction, indicating that these species were not
strong enough to deprotonate H3TriNOx. However, syntheses that employed strong
bases, such as potassium hydroxide or potassium tert-butoxide, with pKa values
approaching that of K[N(SiMe3)2] led to the formation of a red-pink solution in which no
evidence for a RE(TriNOx) species was observed by 1H NMR. We hypothesized that
strong bases like potassium hydroxide or potassium tert-butoxide were able to
deprotonate H3TriNOx, but that the conjugate acids formed upon deprotonation were
nucleophilic enough to interfere with RE(TriNOx) formation.
Following these experiments, we targeted an air-stable base with a pKa value close
to that of K[N(SiMe3)2], but that did not contain a donating-group that may bind
preferentially to the rare earth cation upon deprotonation. Given these parameters, an oildispersion of sodium hydride was targeted, as this species was a strong base with a pK a
similar to that of K[N(SiMe3)2], could be safely handled in air as a 60% dispersion in mineral
oil, and whose conjugate acid was hydrogen gas, which would be emitted over the course
of the reaction without binding to rare earth cations in solution. An initial test reaction under
inert atmosphere confirmed that a 60% dispersion of sodium hydride could be used to
synthesize La(TriNOx) complexes (Figure 2.2.5).

29

Figure 2.2.5. Synthesis of La(TriNOx)(THF) under N 2 with sodium hydride 60% dispersion
in mineral oil. 1H NMR of the isolated product in pyridine-d5.
However, when the reaction was performed in air, divergent reactivity was
observed. Despite the observation of bubbles emitted from the reaction mixture, the 1H
NMR spectrum of the product showed no evidence of RE(TriNOx) formation. The use of
pre-dried tetrahydrofuran in place of benchtop solvent and the addition of an excess of
sodium hydride led to Y(TriNOx) formation, but only in a 4% isolated yield. With such a
small yield after optimization of conditions, it was evident that the benchtop preparation of
RE(TriNOx) complexes was not feasible to enable a separations system. Inefficient
conversion of rare earth salts to RE(TriNOx) complexes undermined any solubility
differences that could be found in benchtop solvents.
While a fully air-stable RE(TriNOx) separations system was not viable, we were
interested to discover if the insolubility of RE(TriNOx)(H 2O)·H2O complexes could be used
to conduct rare earth separations with water as an additive. We envisioned that if water
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bound selectively to one rare earth cation due to changes in ionic radii, the addition of 1
equiv. of deionized water to a 50:50 mixture of RE(TriNOx) complexes could yield enriched
filtrate and solid samples (Figure 2.2.6). To this end, a 50:50 mixture of
Nd/Dy(TriNOx)(THF) was prepared under ambient conditions and dissolved in benchtop
solvent. After stirring for 10 minutes, 1 equiv. deionized water was added to the reaction
mixture, yielding a white precipitate. The mixture was filtered and washed with deionized
water, and both portions were dried under reduced pressure.

Figure 2.2.6. Separations procedure for RE(TriNOx)(H 2O) (RE = Nd, Dy).
The described procedure was conducted in solutions of dichloromethane and
pyridine. For both separation experiments, the filtrate portion exhibited paramagneticallybroadened peaks that overlapped, rendering quantification of Nd- and Dy-containing
compounds inaccurate. However, the enrichment factor (Dsolid) of the solid portion could
be calculated as nDy/nNd from the corresponding peaks in the 1H NMR spectrum. Minimal
solid enrichment factors were calculated for the separations from both pyridine (Dsolid =
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1.29) and dichloromethane (Dsolid = 0.57), indicating a lack of selectivity for the
coordination of water to RE(TriNOx) complexes.
2.3 Conclusions
The RE(TriNOx) separations system was shown to be effective for many early/late
RE combinations in benzene, but a low separation factor of 20.4 for the Eu/Y combination
led us to optimize separation conditions for the industrially-important mixture of rare earth
elements. By screening solvents of various polarities and completing multiple iterations of
leaching processes, we demonstrated an optimization of the RE(TriNOx) separations
system, ultimately achieving a separations factor of SEu/Y = 189 by performing two leaching
steps from diethyl ether. These results indicate that improvement of any early/late rare
earth element combination may be subjected to optimization by altering separation
conditions.
Attempts to develop a RE(TriNOx) separations system for the benchtop was met
with limited success. The preparation of RE(TriNOx) complexes was significantly hindered
in the presence of moisture, though drying of solvents and use of an excess of base
yielded an optimized benchtop yield of only 4% for Y(TriNOx)(H 2O)·H2O. While minimal
formation of RE(TriNOx) complexes in air severely limits the oppornity for using the TriNOx
separations system on the bench, observation stable water-containing products upon
exposure to moisture could lead to alternative separations methods. However, initial
experiments indicated that the binding of water to form RE(TriNOx)(H 2O)·H2O exhibits
little-to-no selectivity between rare earth cations, leading to significantly diminished
separation efficiencies.
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2.4 Experimental Section
General Methods
Unless otherwise noted, all reactions and manipulations were performed under an inert
atmosphere (N2) using standard Schlenk techniques or in a Vacuum Atmospheres, Inc.
Nexus II drybox equipped with equipped with a molecular sieves 13X/Q5 Cu-0226S
catalyst purifier system. Glassware was oven-dried for at least three hours at 150 °C prior
to use. 1H NMR spectra were obtained on a Bruker DMX-300 Fourier transform NMR
spectrometer while operating at a 1H frequency of 300 MHz. Elemental analyses were
performed on a Costech ECS 4010 Analyzer. Inductively Coupled Plasma – Atomic
Emission Spectroscopy (ICP-AES) analysis was performed at Galbraith Laboratories, Inc.
on a Perkin-Elmer ICP-OES Optima 5300.
Materials
Tetrahydrofuran, diethyl ether, dimethoxyethane, benzene, toluene, dichloromethane,
hexanes, and pentane were purchased from Fisher Scientific. All solvents were sparged
with dry argon for 30 minutes and dried using a commercial two-column solvent
purification system comprising columns packed with Q5 reactant and neutral alumina,
respectively (benzene, toluene, DCM, hexanes, pentane), or two columns of neutral
alumina (THF, Et2O, and DME). CDCl3, C6D6, and pyridine-d5 were purchased from
Cambridge Isotope Laboratories, Inc. and stored over 4A molecular sieves prior to use.
Potassium bis(trimethylsilyl)amide was purchased from Sigma Aldrich and used as
received. H3TriNOx,1 RE[N(Si(CH3)3)2]3 (RE = La-Lu, Y),38 were synthesized according to
literature procedures.
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Synthetic Details
Synthesis of Nd(TriNOx)(H2O)·H2O

A diethyl ether solution of Nd(TriNOx)(THF) (0.100 g, 0.131 mmol, 1 equiv.) was left to
slow evaporate in the presence of air over the course of 2 days. Colorless crystals were
collected from the sides and bottom of the vial upon evaporation of the solvent (0.086 g,
96%). 1H NMR (ppm, pyridine-d5, 300 MHz): δ = 17.90 (s, 3H), 9.81 (s, 3H), 6.99 (s, 3H),
6.53 (s, 27H), 4.21 (s, 4H), 2.00 (s, 3H), -7.76 (s, 3H), -11.83 (s, 3H). Anal. Calc. for
C33H49N4NdO5·4H2O : C, 49.66; H, 7.20; N, 7.02. Found: C, 49.90; H, 7.38; N, 6.44.
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Figure 2.4.1. 1H NMR spectrum of Nd(TriNOx)(H2O)·H2O in pyridine-d5.
X-Ray Crystallography
X-ray intensity data for all reported compounds were collected on a Bruker
APEXII40 CCD area detector employing graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å) at 100(1) K. In all cases, rotation frames were integrated using SAINT 41,
producing a listing of unaveraged F 2 and σ(F2) values. The intensity data were corrected
for Lorentz and polarization effects and for absorption using TWINABS42. All structures
were solved by direct methods (SHELXS-9743). Refinement was by full-matrix least
squares based on F2 using SHELXL-201444. All reflections were used during refinements.
Non-hydrogen atoms were refined anisotropically.
Crystallographic data and structure refinement information for
Nd(TriNOx)(H 2O)·H2O are summarized in Table 2.4.1.
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Figure 2.4.2. Thermal ellipsoid plot of Nd(TriNOx)(H2O)·H2O at the 30% probability level.
t

Bu groups depicted in wire frame, hydrogen atoms, except for those of water molecules,

omitted for clarity.
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Table 2.4.1. Crystallographic parameters for Nd(TriNOx)(H 2O)·H2O.
Nd(TriNOx)(H2O)·H2O (Penn4880)
Empirical formula

C33H49N4NdO5

Formula weight

726.00

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

monoclinic

Space group

P21/n

Cell constants:
a (Å)

13.3504(6)

b (Å)

16.3974(7)

c (Å)

18.1078(8)

β (°)

105.826(2)

V (Å3)

3813.8(3)

Z

4

Densitycalc

1.264 g/cm3

μ (absorption coefficient)

1.400 mm-1

F(000)

1500.0

Crystal size (mm)

0.12 × 0.11 × 0.03

Theta range for data collection

2.101 – 27.545°

Index ranges

-17 ≤ h ≤ 16, 0 ≤ k ≤ 21, 0 ≤ l ≤ 23

Reflections collected

133807

Independent reflections

8745 [R(int) = 0.0737]

Completeness to theta

99.97%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.745553 and 0.643836

Data / restraints / parameters

8745 / 0 / 398

Goodness-of-fit on F

2

1.054

Final R indexes [I>=2σ (I)]

R1 = 0.0362, wR2 = 0.0919

Final R indexes [all data]

R1 = 0.0500, wR2 = 0.0987

Largest diff. peak / hole

1.39 / -1.10 eÅ-3
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Chapter 3
The RE(TriNOxOMe) Separations System: Nd/Dy Separations in a
Greener Solvent

Abstract
The methoxy-substituted tripodal hydroxylamine ligand, H 3TriNOxOMe (tris(2tert-butylhydroxylamine-5-methoxy)benzylamine, (2-tBuNOH)(5-OCH3)C6H3CH2)3N), was
synthesized and coordinated to rare earth cations for separations purposes. Metrics
of the resulting complexes were investigated and compared to their parent TriNOx 3counterparts for determination of the molecular basis for the described rare earth
separations system. Addition of the electron donating group to the aryl backbone
resulted in a more electron rich ligand that increased the equilibrium constant for
complex dimerization five-fold. The new separation system yielded efficient Nd/Dy
separations in toluene rather than benzene.

Adapted with permission from work previously published in Chem. Comm. 2018, 54,
10276-10279. © 2018 Royal Society of Chemistry

40

3.1 Introduction
Neodymium iron boron permanent magnets doped with dysprosium are pervasive
in modern technologies. They are used in applications ranging from wind turbine
generators and electric vehicle motors to magnetic resonance imaging (MRI) and
magnetic refrigeration.1-4 While electronic and magnetic applications require individual
pure RE or binary mixtures these elements are found in nature as mixtures in their ores. 5,
6

Separation of individual rare earth elements is accomplished by counter-current solvent

extraction processes requiring large amounts of energy and solvents. 7 Ion exchange
resins have also been used to purify rare earths.

8-12

Recently, several alternative

separation techniques involving selective crystallization, 13-15 photo- or kinetic-redox
processes,16-18

biosorption,19,

20

bio-inspired

mineralization,21

or

functionalized

mesoporous materials22-25 have been demonstrated. A molecular-based approach to RE
separations is desirable to probe how subtle changes in RE interactions with organic
molecules affect separation efficiencies. As such, we have targeted a tunable system in
an effort to accomplish rational RE separations.

Scheme 3.1.1. Dimerization equilibrium expression for early RE(TriNOx) complexes.
Previously, we described the RE(TriNOx) separation system, in which early/late
RE combinations were separated with a single leaching step from benzene solutions due
to the formation of monomeric or dimeric complexes, depending upon the identity of the
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RE cation (Scheme 1).26, 27 However, the use of benzene as the separations medium was
one limitation to the system. Benzene is a carcinogenic and volatile compound, and
substitution of this component with a greener solvent would benefit potential application
of the described separations process.28, 29 Solvent selection guides from Pfizer, Astra
Zeneca, GlaxoSmithKline, and others suggest the substitution of benzene with toluene in
industrial processes.30-32 Additionally, evaluation of the “greenness” of solvents with the
“EHS Excel Tool” identifies toluene as a greener alternative to benzene due to lower air
hazard and toxicity values (Figures 3.1.1-3.1.2).33, 34

9
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Figure 3.1.1. EHS Assessment of benzene (left) and toluene (right) as determined by the
EHS Excel Tool.33
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EHS scores
Selected substance

Volume
3

Data source
Source database
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Parameter
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Release potential
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Vapor pressure
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0
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0
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m 3 Fire/Explosion

1.00

Flash point

-11.03

deg C

IGS/IUCLID/CHRIS

Toluene

0

m3

1.00

Flash point
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0
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0

-
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0
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0

-
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0
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0
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mg/m3 IGS
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0
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mg/kg
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0
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MAK-CH
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mg/m3 IGS

Toluene

0

m3

0.34
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0
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0.51

Halflife-water

10.45
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0
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0
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-

Chronic Toxicity
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0
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0.34

Index Value Ch.Tox. 0.34
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AQUIRE
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0
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Figure 3.1.2. EHS assessment score determination and data sources for benzene and
toluene from the EHS Excel Tool.33
The TriNOx system represented an opportunity to directly correlate molecular
design principles with performance of a RE separations system. In previous work by our
group, we established that modification of sterics and electronics of pyridyl-hydroxylamine
ligands imparted a structural change to the hydroxylamine moiety in the resulting
complexes.35 These results together suggested that similar modification of the TriNOx
ligand would influence the size of the molecular aperture responsible for RE separations
selectivity. We hypothesized that addition of an electron donating group in this context
would to lead to pyramidalization of the hydroxylamine arms of H 3TriNOx, resulting in a
smaller molecular aperture around the RE cation. Perturbation of the ligand geometry was
expected to alter the dimerization constant of the resulting complexes, to improve
separation and/or operating conditions. We report herein a new TriNOx ligand with
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methoxy substituents, whose solubility properties enabled comparable early/late RE
separations in toluene, compared to carcinogenic benzene that was used previously.
3.2 Results & Discussion
The

new

tris(hydroxylamine)

ligand,

tris(2-tert-butylhydroxylaminato-5-

methoxy)benzylamine (H3TriNOxOMe), was synthesized by a procedure similar to that of
the parent H3TriNOx.26 2-bromo-5-methoxybenzylbromide (3.1) was converted to tris(2bromo-5-methoxy)benzylamine (3.2) by alkylation of aqueous ammonia (Scheme 2). 36
Intermediate 3.2 was lithiated and subsequently reacted with (tBuNO)2. Strict control of
the temperature of the lithium-halogen exchange was critical for product formation; the
best results were obtained by conducting the reaction at –100 °C. Aqueous work-up
provided the targeted product in 85 % yield.

Scheme 3.2.1. Synthesis of a) H3TriNOxOMe and b) RE(TriNOxOMe)(THF) complexes.
Synthesis of isostructural RE(TriNOxOMe)(THF) compounds, RE = Nd, Dy, was
accomplished by protonolysis reaction of H 3TriNOxOMe and the corresponding
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RE[N(SiMe3)2]3 starting materials. We have also demonstrated that RE(TriNOxOMe)(THF),
similar to the parent RE(TriNOx)(THF) complexes, can be prepared from RE(OTf) 3 and
RECl3 sources (Scheme 3.2.2). However, these reactions included the generation of salt
byproducts that complicated the evaluation of recovery and separation values. As such,
separation experiments included below were conducted with RE[N(SiMe 3)2]3 as the rare
earth source to establish the baseline separations characteristics.

Scheme 3.2.2. Alternative synthesis of RE(TriNOxOMe)(THF) complexes.
Samples suitable for X-ray analysis were obtained by layering a THF solution of
the compound with hexanes (Figure 3.2.1). Desolvation was observed upon the removal
of individual crystals from the mother liquor at room temperature, so the samples were
handled over dry ice while mounting crystals on the diffractometer. The structures
exhibited similar coordination environments to the parent RE(TriNOx)(THF) compounds,
with each hydroxylamine arm coordinated η2-(N,O) to a rare earth cation, forming a C3symmetric coordination environment with the apical positions occupied by a THF
molecule.
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Figure 3.2.1. Thermal ellipsoid plots of Nd(TriNOxOMe)(THF) and Dy(TriNOxOMe)(THF) at
the 30% probability level. tBu groups depicted in wireframe and hydrogen atoms omitted
for clarity.
The average N-O bond lengths in RE(TriNOxOMe)(THF) (1.441(3) and 1.445(5) Å
for RE = Nd and Dy, respectively) were slightly longer than in RE(TriNOx)(THF) (1.420(4)
and 1.424(4) Å for RE = Nd and Dy, respectively). A similar phenomenon was observed
in an isostructural series of substituted pyridyl-hydroxylamine cerium complexes, where
Ce[2-(tBuNO)-3-(OMe)py]4 had an N-O bond length of 1.410(6) Å, while Ce[2-(tBuNO)py]4
had an N-O bond length of 1.375(2) Å.35 Also of note, the RE-OTHF bond lengths in
RE(TriNOxOMe)(THF) complexes (2.625(2) and 2.551(3) Å for RE = Nd and Dy,
respectively) were significantly longer than in the RE(TriNOx)(THF) complexes (2.546(9)
and 2.487(10) Å for RE = Nd and Dy, respectively). Elongation of the RE-THF interaction
in RE(TriNOxOMe)(THF) complexes suggested that the size of the (N,O)3 molecular
aperture formed around the RE3+ cation was reduced by addition of a methoxy group to
the ligand backbone as hypothesized, prompting further analysis of the solid state
structures.
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Table 3.2.1. Bond metrics (Å), %Vbur and temperature of THF dissociation (°C) for
selected compounds.
%Vbur

THF
Diss.
(°C)

2.819(9)

79.9

153

2.625(2)

2.826(3)

80.1

149

2.508(3)

2.487(10)

2.810(9)

81.3

85

2.192(3)

2.496(4)

2.551(3)

2.816(4)

81.7

-

1.446(2)

2.2781(16)

2.6102(18)

2.5413(17)

2.923(2)

77.2

-

1.450(3)

2.2784(18)

2.620(2)

2.5037(17)

2.940(2)

76.5

-

Compounds

N-O

RE-ONO

RE-NNO

RE-Oaxial

Nd(TriNOx)(THF)26

1.420(4)

2.260(3)

2.554(4)

2.546(9)

Nd(TriNOxOMe)(THF)

1.441(3)

2.270(2)

2.553(3)

Dy(TriNOx)(THF)26

1.424(4)

2.180(3)

Dy(TriNOxOMe)(THF)

1.445(5)

[Nd(TriNOx)]226
[Nd(TriNOxOMe)]2

RENbridgehead

In previous work, we established that the percent buried volume (%Vbur) of
RE(TriNOx)(THF) complexes served as a suitable metric to describe the degree of
exposure of the rare earth cation at the (N,O)3 molecular aperture.37 A small increase was
observed in the %Vbur of the RE(TriNOxOMe)(THF) compounds compared to the parent
RE(TriNOx)(THF) compounds (79.9% to 80.1% for Nd and 81.3% to 81.7% for Dy). 26 The
increase of 0.2 – 0.4 % is on the same order as that observed between adjacent rare earth
cations in the previously reported series (ex. 79.6% Pr versus 79.9% Nd). 27
Thermogravimetric analysis (TGA) was also conducted to probe the strength of the RETHF interactions in the RE(TriNOxOMe)(THF) compounds, as we expected this
measurement would be an indication of the closure of the molecular aperture (see SI for
experimental details). A weight loss corresponding to 1 equiv THF was observed at 148
°C for Nd(TriNOxOMe)(THF), indicating a similar RE-THF interaction as in the parent
complex Nd(TriNOx)(THF) (153 °C).27 However, no weight loss was observed before
decomposition for Dy(TriNOxOMe)(THF), indicating that upon isolation of the solid sample,
dissociation of THF in the apical coordination site of the complex occurred readily under
ambient conditions. Thermogravimetric analysis of both RE(TriNOx OMe)(THF) (RE = Nd,
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Dy) complexes were performed in triplicate, and there was no evidence for THF
dissociation found in any of the Dy(TriNOx OMe)(THF) samples. Evidently, there is a weaker
RE-THF interaction in Dy(TriNOxOMe)(THF) than in the parent TriNOx compound,
suggesting that the molecular aperture was indeed reduced in size with the addition of an
electron-donating group to the ligand backbone.

Figure 3.2.2. Thermogravimetric analysis of Nd(TriNOxOMe)(THF).
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Figure 3.2.3. Thermogravimetric analysis of Dy(TriNOxOMe)(THF).
Similar to the previously reported RE(TriNOx)(THF) compounds, 26, 27 evidence for
a self-association equilibrium was observed in the 1H NMR of Nd(TriNOx)(THF) in C 6D6
(Scheme 3). The [Nd(TriNOxOMe)]2 dimeric compound was synthesized by dissolving
Nd(TriNOxOMe)(THF) in toluene followed by removal of solvents under reduced pressure
to yield a blue solid in 83% yield. Single crystals of [Nd(TriNOx OMe)]2 were grown from
toluene/hexanes solution. X-ray diffraction studies revealed similar bond metrics for
[Nd(TriNOxOMe)]2 compared to the parent [Nd(TriNOx)] 2 structure.26 Notably, a shorter NdObridge average bond length was observed for Nd(TriNOx OMe)]2 (2.5037(17) Å vs.
2.5413(17) Å), which may be described by a more electron-rich hydroxylamine having a
stronger interaction with the neodymium cation during self-association.
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Scheme

3.2.3.

Dimerization

equilibrium

between

Nd(TriNOxOMe)(THF)

and

[Nd(TriNOxOMe)]2.
The value of the self-association equilibrium constant (Kdimer) was evaluated for
Nd(TriNOxOMe)(THF) by titrating a C6D6 solution of [Nd(TriNOxOMe)]2 with THF in the
presence of a ferrocene internal standard and measuring relative concentrations using 1H
NMR

spectroscopy.

Equilibrium

concentrations

of

Nd(TriNOx OMe)(THF)

and

[Nd(TriNOxOMe)]2 were calculated at each titration point to determine the self-association
equilibrium constant of 11.7 ± 0.5 for Nd(TriNOxOMe)(THF). This value is about one order
of magnitude larger than that of Nd(TriNOx)(THF) (2.4 ± 0.2), suggesting that dimerization
is more favorable for the H3TriNOxOMe system, consistent with a more electron-rich
hydroxylamine moiety.26
We expected Nd(TriNOxOMe)(THF) to have a higher solubility than the parent, due
to its larger self-association equilibrium constant and subsequent higher propensity
towards formation of the soluble dimeric complex in solution. The solubilities of the
RE(TriNOxOMe) complexes in C6D6 were determined by 1H NMR spectroscopy, comparing
saturated solutions against an internal ferrocene standard. Solubility values of 120 mmol
L-1 and 1.7 mmol L-1 were determined for Nd(TriNOxOMe)(THF) and Dy(TriNOxOMe),
respectively. These results indicate that Nd(TriNOxOMe)(THF) was more soluble in C6D6
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than the parent system, while the Dy species remained largely insoluble (60 mmol L-1 and
1.2 mmol L-1 for the parent system complexes, respectively). 26 These observed solubility
differences prompted us to investigate the separations of the new RE(TriNOxOMe) system
in benzene, for direct comparison with the parent system, and other solvents. All
separations experiments described herein were performed in triplicate.
In order to make the most straightforward set of comparisons for separations
performance, a standardized separations procedure was established with the original
RE(TriNOx)(THF) system (See SI, Scheme S2). A solid-solution of a 50:50 mixture of
Nd/Dy(TriNOx)(THF) was prepared by addition of a THF solution of H3TriNOx to a
homogeneous solution of 1:1 Nd[N(SiMe 3)2]3 and Dy[N(SiMe3)2]3 in THF. After stirring 2
hours, solids were removed by filtration and washed with THF, followed by drying under
reduced pressure for 1 hour. The resulting solid mixture was stirred in a fixed amount of
the leaching solvent (4 mL for 320 mmol of RE(TriNOx) species) for 30 minutes followed
by filtration and rinsing. Subsequent drying of both portions yielded a solid portion enriched
in dysprosium and a filtrate portion enriched in neodymium.
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Scheme 3.2.4. Standardized separations procedures for RE(TriNOx) and
RE(TriNOx OMe) (RE = Nd, Dy) mixtures.
To compare the original separations system to the new RE(TriNOxOMe) system, a
similar procedure was conducted with H3TriNOxOMe. A hot THF solution of H3TriNOxOMe
was added to a homogeneous solution of 1:1 Nd[N(SiMe 3)2]3 and Dy[N(SiMe3)2]3 in THF.
After 2 hours of stirring, solvents were removed from the reaction mixture under reduced
pressure. Due to the solubility of RE(TriNOxOMe) compounds in THF, the solid was
suspended in pentane for 10 minutes before filtration and drying for 1 hour. Leaching was
performed in a variety of solvents following the aforementioned procedure. For all
separation experiments, the molar ratio of Nd- and Dy-containing species in the solid
(nDy/nNd) and filtrate (nNd/nDy) portions was estimated by 1H NMR (See SI, Table S3) and
determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) to
evaluate the enrichment factor (Dsolid and Dfiltrate, respectively), which were then used to
calculate the separation factor, SNd/Dy, according to the equation SNd/Dy = Dsolid · Dfiltrate.
Separation experiments were performed in triplicate, and the results were recorded in
Table 3.2.2.
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Table 3.2.2. Enrichment (D) and Separation Factors (S) for TriNOx and TriNOxOMe
systems in various solvents by ICP-OES. All experiments were performed in triplicate
and values reported with the standard error of the mean.
ICP-OES Results
Ligand

Solvent

TriNOx

C 6H 6

TriNOx

Toluene

TriNOx OMe

C 6H 6

TriNOx OMe

Toluene

TriNOx OMe

DME

TriNOx OMe

Et2O

TriNOx OMe

Hex

D Filtrate

DSolid

SNd/Dy

17 ± 2

18 ± 2

303 ± 19

15.4 ±
0.7
9.8 ±
0.4

1.9 ±
0.1

30 ± 2

29 ± 3

299 ± 35

12 ± 2

22 ± 4

254 ± 10

3.5 ±
0.2
7.2 ±
0.3
2.6 ±
1.3

11.6 ±
0.5
1.2 ±
0.1
1.1 ±
0.1

41 ± 4
8.4 ± 0.6
2.9 ± 1.7

Avg. %
Distribution/Purity
Filtrate
Solid
(% Nd)
(% Dy)
94.3 ±
94.7 ±
0.5%
0.5%
93.9 ±
66.0 ±
0.3%
0.8%
90.9 ±
96.7 ±
0.3%
0.3%
93.3 ±
94.8 ±
0.1%
0.3%
77.9 ±
92.0 ±
0.9%
0.3%
87.8 ±
54 ±
0.5%
2%
72.2 ±
52 ±
1.0%
2%

% Recovery
% Nd Rec.
77 ± 2%
50 ± 2%
84 ± 7%
79 ± 3%
71 ± 2%
17 ± 1%
3 ± 1%

% Dy Rec.
48 ± 2%
51 ± 1%
66 ± 4%
63 ± 5%
54 ± 2%
72 ± 2%
70 ± 2%

Efficient Nd/Dy separations were achieved in benzene with both the TriNOx- and
TriNOxOMe-based procedures, with separation factors of 303 and 299, respectively,
comparable, in the case of the parent, to our previously reported results. Comparison of
the filtrate and solid enrichment factors (D) for each of these separations indicated that
TriNOxOMe-based separations in C6H6 led to solid portions with higher purity, at the
expense of lower purity filtrate portions, compared to TriNOx-based separations in C6H6.
The efficiency of TriNOxOMe-based Nd/Dy separations in toluene was also comparable to
those in benzene (254 versus 299, respectively), offering a less carcinogenic solvent in
which to conduct RE separations. TriNOxOMe-based Nd/Dy separations conducted in
diethyl ether, dimethoxyethane, and hexanes led to diminished separation factors,
indicating that exploitable differences in solubility were not retained in different solvent
types.
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3.3 Conclusions
We have demonstrated that substitution of the H 3TriNOx aryl backbone with a
methoxy group caused pyramidalization of the hydroxylamine nitrogen atoms, which
induced a subtle closing of the molecular aperture in RE(TriNOxOMe) complexes. The
nature of the molecular aperture was described and compared to that of the parent
complexes. Analysis of structural metrics revealed that RE(TriNOx OMe)(THF) complexes
contained longer hydroxylamine N-O bonds and RE-OTHF interactions than the parent
RE(TriNOx)(THF) complexes, indicative of more electron-rich hydroxylamine arms and
weaker RE-THF interactions. RE(TriNOxOMe)(THF) complexes exhibited slightly higher
%Vbur, suggesting that the RE cation is less exposed in the methoxy-substituted
complexes. Thermogravimetric analyses indicated that the RE-OTHF interaction in
Dy(TriNOxOMe)(THF) was much weaker than in the parent complex, and evaluation of the
self-association equilibrium constant of Nd(TriNOxOMe)(THF) indicated that dimerization
was more favorable by one order of magnitude, consistent with more electron-rich
hydroxylamine groups at the molecular aperture. These phenomena all contribute to an
increased solubility of [Nd(TriNOxOMe)]2, allowing for efficient Nd/Dy separations in a
greener solvent (toluene) that was previously unavailable in the parent separations
system. This work demonstrates that substitution of H 3TriNOx impacts the RE(TriNOx)
separations system and its underlying processes, enabling new separations conditions
through modifications to RE(TriNOx) coordination chemistry.
3.4 Experimental Section
General Methods
Unless otherwise noted, all reactions and manipulations were performed under an
inert atmosphere (N2) using standard Schlenk techniques or in a Vacuum Atmospheres,
Inc. Nexus II drybox equipped with equipped with a molecular sieves 13X/Q5 Cu-0226S
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catalyst purifier system. Glassware was oven-dried for at least three hours at 150 °C prior
to use. 1H NMR spectra were obtained on a Bruker DMX-300 Fourier transform NMR
spectrometer while operating at a 1H frequency of 300 MHz.
obtained on a UNI 400 instrument while operating at a

13

C{1H} NMR spectra were

13

C frequency of 100.61 MHz.

Chemical shifts were recorded in units of parts per million and referenced against residual
proteo solvent peaks for 1H NMR and characteristic solvent peaks for 13C NMR. Elemental
analyses were performed on a Costech ECS 4010 Analyzer. Inductively Coupled Plasma
– Atomic Emission Spectroscopy (ICP-AES) analysis was performed at the University of
Pennsylvania Earth & Environmental Science Dept. on a Spectro Genesis ICP-OES
Spectrometer.
Materials
Tetrahydrofuran,

diethyl

ether,

dimethoxyethane,

benzene,

toluene,

dichloromethane, hexanes, and pentane were purchased from Fisher Scientific. All
solvents were sparged with dry argon for 30 minutes and dried using a commercial twocolumn solvent purification system comprising columns packed with Q5 reactant and
neutral alumina, respectively (benzene, toluene, DCM, hexanes, pentane), or two columns
of neutral alumina (THF, Et 2O, and DME). CDCl3, C6D6, and pyridine-d5 were purchased
from Cambridge Isotope Laboratories, Inc. and stored over 4A molecular sieves prior to
use. Potassium bis(trimethylsilyl)amide was purchased from Sigma Aldrich and used as
received. H3TriNOx,26 RE[N(Si(CH3)3)2]3 (RE = Nd, Dy),38 were synthesized according to
literature procedures.
Thermogravimetric Analyses
Thermogravimetric analysis of Nd(TriNOxOMe)(THF) and Dy(TriNOxOMe)(THF)
were performed with a TA Instruments SDT Q600 thermogravimetric analyzer from 25450 °C at a heating rate of 10 °C/min in an N2 flow with a rate of 100 mL/min.
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Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES)
Inductively coupled plasma optical emission spectroscopy was conducted on a
Spectro Genesis ICP-OES spectrometer (SPECTRO Analytical Instruments GmbH,
Kleve, Germany) equipped with an integrated three channel peristaltic pump and a ASX260 auto-sampler (CETAC Technologies, Omaha, NE, USA). Samples solutions were
delivered to the nebulizer using a Mod Lichte spray chamber and single-use PVC PT2140PF tubing (Precision Glassblowing, Centennial, CO, USA). Each data acquisition was
preceded by a 35 second rinse sequence at different pump speeds. Other relevant
parameters were previously optimized to give the smallest RSD and are summarized in
Table 3.4.1.
Table 3.4.1. Instrumental and operating conditions for ICP-OES measurements.
Instrument conditions
Forward power (W)
1350
Plasma gas flow rate (L min-1) 13.50
Auxiliary gas flow rate (L min-1) 1.00
Nebulizer flow rate (L min-1)
0.90
Nd 430.358
Wavelengths (nm)
Dy 364.540

Nitric acid (Fisher, Certified ACS Plus grade), hydrogen peroxide (Fisher, 30%
solution in water), and distilled-deionized water (Milli-Q, 18.2 MΩ.cm, Millipore) were used
for sample preparation and dilution. Samples were prepared by digestion in a (4:1)
HNO3:H2O2 mixture at 100 °C for 1 hour, followed by dilution to a concentration of ca. 5%
HNO3 to limit matrix effects. Analytical plasma standard solutions were obtained from Alfa
Aesar (Specpure®, 1000 ppm RE2O3 in 5% HNO3).
Calibrations were performed before each set of measurements using a range of 7
standardized solutions (125–0.025 ppm). Calibration curves were confirmed to have R 2 >
0.999 for the selected elements. Potential instrumental drift was monitored by continuously
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measuring Ar lines at 430.010 and 404.442 nm; absence of drift was finally confirmed by
measuring a standardized solution at the end of each measurement session. The following
wavelengths (nm) were used for element quantifications and reviewed for the absence of
interferences: 364.540 (Dy), 430.358 (Nd) and were consistent with literature
recommendations. The wavelengths selected had the highest signal intensity, in
agreement with the literature,39 and were the most relevant for the studied range of
concentrations.
Synthetic Details
Synthesis of tris(2-bromo-5-methoxy)benzylamine

2-bromo-5-methoxybenzylbromide (10.0 g, 35.7 mmol, 3.0 equiv.) was stirred hot ethanol
to dissolve all solids. Ammonium hydroxide (29%) (6.00 g, 102.3 mmol, 8.6 equiv.) was
added to solution dropwise and the reaction mixture was stirred at room temperature for
2 days, producing a white solid. The precipitate was collected by filtration, washed with
ethanol, and dried under reduced pressure overnight to yield a white solid (5.37 g, 74%).
Mp = 96.2 – 98.4 °C. 1H NMR (ppm, d5-pyr, 300 MHz): δ = 7.51 (d, J = 8.7 Hz, 3H), 7.48
(s, 3H), 6.77 (dd, J = 8.7, 2.9 Hz, 3H), 3.98 (s, 6H), 3.68 (s, 9H). 13C NMR (ppm, pyridined5, 400 MHz): δ = 160.0, 140.0, 134.1, 116.9, 115.4, 115.2, 59.3, 55.8. IR: ν = 3094, 3070,
3002, 2958, 2932, 2906, 2834, 2357, 1870, 1591, 1569, 1474, 1456, 1447, 1434, 1416,
1376, 1367, 1302, 1284, 1233, 1220, 1191, 1158, 1124, 1109, 1055, 1021, 993, 971, 938,
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892, 874, 862, 801, 736, 696, 668, 646, 637, 616, 598, 590, 573, 521, 467, 441 cm -1.
HRMS: (ESI) m/z calc. for C24H25Br3NO3 (M+H): 611.9385, found: 611.9388.

Figure 3.4.1. 1H NMR spectrum of tris(2-bromo-5-methoxy)benzylamine in pyr-d5.
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Figure 3.4.2. 13C NMR spectrum of tris(2-bromo-5-methoxy)benzylamine in pyr-d5.

Synthesis of tris(2-tert-butylhydroxylaminato-5-methoxy)benzylamine ([(2t
BuNOH)(5-OCH3)C6H3CH2]3N, H3TriNOxOMe)

Tris(2-bromo-5-methoxy)benzylamine (2.00 g, 3.26 mmol, 1 equiv.) was dissolved in THF
(20 mL) and added to a 200 mL Schlenk flask equipped with a magnetic stir bar. The flask
was placed under atmosphere and cooled to -100 °C. A 1.6 M solution of n-butyllithium
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complex in hexanes (6.7 mL, 10.7 mmol, 3.3 equiv.) was added dropwise and reaction
was stirred for 3 hours. A THF solution of 2-methyl-2-nitrosopropane dimer (1.14 g, 6.51
mmol, 2 equiv.) was added and the reaction was gradually warmed to room temperature
and stirred for 3 hours. The reaction was quenched with a saturated aqueous ammonium
chloride solution. The organic portion was extracted with 3 x 50 mL diethyl ether. The
combined organics were dried over magnesium sulfate, gravity filtered, and volatiles
removed under reduced pressure, yielding a tan solid. The crude solid was purified
washing extensively with hexanes, followed by drying on high vacuum at room
temperature overnight, yielding pure H3TriNOxOMe as an off-white solid (1.76 g, 85%).
Single crystals were grown from a hot THF solution allowed to cool to room temperature,
layered with hexanes. Mp = 135.7 – 137.8 °C. 1H NMR (ppm, pyridine-d5, 300 MHz): δ =
9.86 (s, 3H), 7.96 (d, J = 2.2 Hz, 3H), 7.88 (d, J = 8.8 Hz, 3H), 6.99 (dd, J = 8.8, 0.6 Hz,
3H), 4.20 (s, 6H), 3.81 (s, 9H), 1.17 (s, 27H). 13C NMR (ppm, CDCl3, 400 MHz): δ = 158.4,
143.7, 139.3, 128.6, 113.1, 112.5, 61.2, 55.6, 55.1, 26.5. IR: ν = 3253, 3085, 2982, 2832,
2068, 1915, 1735, 1605, 1492, 1465, 1442, 1391, 1369, 1301, 1289, 1276, 1236, 1196,
1160, 1138, 1092, 1083, 1040, 980, 948, 928, 913, 897, 869, 825, 802, 732, 697, 652,
628, 592, 536, 515, 504, 491, 450, 412 cm-1. HRMS: (ESI) m/z calc. for C36H55N4O6 (M+H):
639.4122, found: 639.4114. Anal. calc. for C36H54N4O6: C, 67.68; H, 8.52; N, 8.77. Found:
C, 67.85; H, 8.65; N, 8.42.
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Figure 3.4.3. 1H NMR spectrum of H3TriNOxOMe in pyr-d5.

Figure 3.4.4. 13C NMR spectrum of H3TriNOxOMe in pyr-d5.
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General Procedure A for the synthesis of RE(TriNOxOMe)(THF) complexes

H3TriNOxOMe (1 equiv.) was dissolved in a boiling THF solution and set aside to cool to
room temperature before it was added to a THF solution of RE[N(SiMe 3)2]3 (1 equiv.), RE
= Nd, Dy. The reaction mixture was stirred for 2 hours, and volatiles were removed under
reduced pressure. Sample was stirred in pentane and filtered, and the solid was dried
under reduced pressure to yield pure solid (84-87%).
General Procedure B (Alternative Synthesis) for the synthesis of RE(TriNOxOMe)(THF)
complexes

H3TriNOxOMe (1 equiv.) was dissolved in a boiling THF solution and set aside to cool to
room temperature before REX3 (1 equiv.) RE = Nd, Dy; X = Cl, OTf; was added as a solid.
A THF solution of K[N(SiMe3)2] (3 equiv.) was added, and the suspension was stirred for
2 hours. After volatiles were removed under reduced pressure, the resulting mixture was
stirred in dichloromethane and filtered. The filtrate was stirred in pentane and filtered, and

62

the solids were collected. The solid portion was dissolved in THF, and volatiles were
removed under reduced pressure to yield pure compounds (80-85%).
Synthesis of Nd(TriNOxOMe)(THF)

Single crystals of Nd(TriNOxOMe)(THF), as a blue crystalline solid, were grown from a THF
solution layered with hexanes. 1H NMR (ppm, pyridine-d5, 300 MHz): δ = 17.86 (s, 3H),
9.53 (s, 3H), 6.65 (s, 27H), 3.68 (m, 4H), 3.44 (s, 9H), 1.64 (s, 3H), 1.64 (overlapping, 4H),
-7.95 (s, 3H), -11.87 (s, 3H). Anal. Calc. for C40H59N4NdO7: C, 56.38; H, 6.98; N, 6.57.
Found: C, 56.62; H, 6.73; N, 6.64.
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Figure 3.4.5. 1H NMR spectrum of Nd(TriNOxOMe)(THF) in pyr-d5.

Synthesis of Dy(TriNOxOMe)(THF)

Single crystals of Dy(TriNOxOMe)(THF), as a white crystalline solid, were grown from a THF
solution layered with hexanes. 1H NMR (ppm, pyridine-d5, 300 MHz): δ = 209.89 (s, 3H),
131.31 (s, 27H), 57.82 (s, 3H), -3.34 (s, 9H), -103.36 (s, 3H), -302.05 (s, 3H), -355.47 (s,
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3H). Anal. Calc. for C 36H51DyN4O6: C, 54.16; H, 6.44; N, 7.02. Found: C, 53.76; H, 6.44;
N, 6.64.

Figure 3.4.6. 1H NMR spectrum of Dy(TriNOxOMe) in pyr-d5.
Synthesis of [Nd(TriNOxOMe)]2
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Dissolved Nd(TriNOxOMe)(THF) (0.200 g, mmol) in 3 mL toluene and removed volatiles
under reduced pressure to yield a blue solid (0.152 g, 83%). Single crystals were grown
from a toluene solution layered with hexanes. 1H NMR (ppm, C6D6, 300 MHz): δ = 37.54
(s, 2H), 15.33 (s, 2H), 13.93 (s, 2H), 12.17 (s, 2H), 9.51 (s, 2H), 8.53 (overlapping, 18H),
6.65 (s, 2H), 3.60 (s, 6H) 2.91 (s, 6H), 2.12 (overlapping, 6H), 0.81 (s, 18H), 0.71 (s, 18H),
0.56 (s, 2H), -1.32 (s, 2H), -5.78 (s, 2H), -12.37 (s, 2H), -13.22 (s, 2H), -13.79 (s, 2H), 15.70 (s, 2H), -21.04 (s, 2H), -23.54 (s, 2H). Anal. Calc. for C72H102N8Nd2O12·1.5tol: C,
58.35; H, 6.77; N, 6.60. Found: C, 57.89; H, 6.80; N, 6.45.

Figure 3.4.7. 1H NMR spectrum of [Nd(TriNOxOMe)]2 in C6D6.
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X-Ray Crystallography
X-ray intensity data for all reported compounds were collected on a Bruker
APEXIII40 D8QUEST CMOS area detector employing graphite-monochromated Mo-Kα
radiation (λ = 0.71073 Å) at 100(1) K. In all cases, rotation frames were integrated using
SAINT41, producing a listing of unaveraged F2 and σ(F2) values. The intensity data were
corrected for Lorentz and polarization effects and for absorption using SADABS 42. All
structures were solved by direct methods (SHELXT43). Refinement was by full-matrix least
squares based on F2 using SHELXL-201444. All reflections were used during refinements.
Non-hydrogen atoms were refined anisotropically.
Crystallographic data and structure refinement information for H 3TriNOxOMe,
Nd(TriNOxOMe)(THF), Dy(TriNOxOMe)(THF), and [Nd(TriNOxOMe)]2 are summarized in
Tables 3.4.2 – 3.4.5.

Figure 3.4.8. Thermal ellipsoid plot of H3TriNOxOMe at the 30% probability level. tBu groups
depicted in wireframe and hydrogen atoms (except for O-H hydrogens) omitted for clarity.
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Figure 3.4.9. Thermal ellipsoid plot of Nd(TriNOxOMe)(THF) at the 30% probability level.
t

Bu groups depicted in wireframe and hydrogen atoms omitted for clarity.

Figure 3.4.10. Thermal ellipsoid plot of Dy(TriNOxOMe)(THF) at the 30% probability level.
t

Bu groups depicted in wireframe and hydrogen atoms omitted for clarity.
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Figure 3.4.11. Thermal ellipsoid plot of [Nd(TriNOxOMe)]2 at the 30% probability level. tBu
groups depicted in wireframe, interstitial toluene molecules and hydrogen atoms omitted
for clarity.
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Table 3.4.2. Crystallographic parameters for H3TriNOxOMe.
H3TriNOxOMe (Penn4954)
Empirical formula

C36H54N4O6

Formula weight

638.83

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

trigonal

Space group

_
P3

Cell constants:
a (Å)

15.7140(7)

c (Å)

9.1939(4)

3

V (Å )

1966.09(19)

Z

2

Densitycalc

1.079 g/cm3

μ (absorption coefficient)

0.073 mm-1

F(000)

692.0

Crystal size (mm)

0.25 × 0.09 × 0.03

Theta range for data collection

2.592 – 25.371°

Index ranges

-18 ≤ h ≤ 18, -18 ≤ k ≤ 18, -11 ≤ l ≤ 11

Reflections collected

57106

Independent reflections

2408 [R(int) = 0.0659]

Completeness to theta

99.9%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.7452 and 0.6846

Data / restraints / parameters

2408 / 0 / 145

Goodness-of-fit on F

2

1.149

Final R indexes [I>=2σ (I)]

R1 = 0.0576, wR2 = 0.1887

Final R indexes [all data]

R1 = 0.0684, wR2 = 0.2077

Largest diff. peak / hole

0.58 / -0.55 eÅ-3
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Table 3.4.3. Crystallographic parameters for Nd(TriNOxOMe)(THF).
Nd(TriNOxOMe)(THF) (Penn4965)
Empirical formula

C40H59N4NdO7

Formula weight

852.15

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

triclinic

Space group

_
P1

Cell constants:
a (Å)

10.1532(7)

b (Å)

16.0011(12)

c (Å)

16.8250(12)

α (°)

73.266(2)

β (°)

89.599(2)

γ (°)

74.177(2)

V (Å3)

2510.9(3)

Z

2

Densitycalc

1.127 g/cm3

μ (absorption coefficient)

1.076 mm-1

F(000)

886.0

Crystal size (mm)

0.45 × 0.32 × 0.1

Theta range for data collection

2.951 – 27.653°

Index ranges

-13 ≤ h ≤ 13, -20 ≤ k ≤ 20, -21 ≤ l ≤ 21

Reflections collected

79005

Independent reflections

11615 [R(int) = 0.0367]

Completeness to theta

99.8%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.7456 and 0.6212

Data / restraints / parameters

11615 / 29 / 499

Goodness-of-fit on F

2

1.130

Final R indexes [I>=2σ (I)]

R1 = 0.0439, wR2 = 0.1105

Final R indexes [all data]

R1 = 0.0479 wR2 = 0.1144

Largest diff. peak / hole

4.06 / -1.42 eÅ-3
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Table 3.4.4. Crystallographic parameters for Dy(TriNOxOMe)(THF).
Dy(TriNOxOMe)(THF) (Penn4954)
Empirical formula

C44H67N4O8Dy

Formula weight

942.51

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

triclinic

Space group

P-1

Cell constants:
a (Å)

10.0807(8)

b (Å)

15.9867(12)

c (Å)

16.7547(12)

α (°)

74.347(2)

β (°)

89.439(2)

γ (°)

74.228(2)

3

V (Å )

2496.2(3)

Z

2

Densitycalc

1.254 g/cm3

μ (absorption coefficient)

1.545 mm-1

F(000)

978.0

Crystal size (mm)

0.28 × 0.28 × 0.28

Theta range for data collection

2.820 – 27.552°

Index ranges

? ≤ h ≤ ?, ? ≤ k ≤ ?, ? ≤ l ≤ ?

Reflections collected

161859

Independent reflections

11509 [R(int) = 0.0811]

Completeness to theta

99.8%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.745553 and 0.552846

Data / restraints / parameters

11509 / 258 / 582

Goodness-of-fit on F2

1.041

Final R indexes [I>=2σ (I)]

R1 = 0.0529, wR2 = 0.1179

Final R indexes [all data]

R1 = 0.0638, wR2 = 0.1226

Largest diff. peak / hole

4.66 / -1.68 eÅ-3
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Table 3.4.5. Crystallographic parameters for [Nd(TriNOxOMe)]2.
[Nd(TriNOxOMe)]2 (Penn40129)
Empirical formula

C165H228N16O24Nd4

Formula weight

3396.58

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

monoclinic

Space group

P21/n

Cell constants:
a (Å)

15.0466(13)

b (Å)

21.7784(19)

c (Å)

25.240(2)

β (°)

92.930(3)

V (Å3)

8260.1(13)

Z

2

Densitycalc

1.366 g/cm3

μ (absorption coefficient)

1.306 mm-1

F(000)

3524.0

Crystal size (mm)

0.38 × 0.25 × 0.1

Theta range for data collection

2.711 – 27.570°

Index ranges

-19 ≤ h ≤ 19, -28 ≤ k ≤ 28, -32 ≤ l ≤ 32

Reflections collected

174956

Independent reflections

19012 [R(int) = 0.0539]

Completeness to theta

99.9%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.7456 and 0.6147

Data / restraints / parameters

19012 / 447 / 1019

Goodness-of-fit on F

2

1.167

Final R indexes [I>=2σ (I)]

R1 = 0.0293, wR2 = 0.0675

Final R indexes [all data]

R1 = 0.0389, wR2 = 0.0753

Largest diff. peak / hole

0.79 / -1.02 eÅ-3
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Chapter 4
Synthesis and Characterization of a Suite of H 3TriNOxR Ligand
Derivatives

Abstract
Three new tripodal hydroxylamine compounds were synthesized to
complete a set of chelating hydroxylaminato ligands with a range of electronic and
steric properties. The new ligand species, tris(2-tert-butylhydroxylamine-4-tertbutyl)benzylamine
(H3TriNOxPh),

(H3TriNOxtBu), tris(2-tert-butylhydroxylamine-5-phenyl)benzylamine
and

tris(2-tert-butylhydroxylamine-4-trifluoromethyl)benzylamine

(H3TriNOxCF3) were prepared on multi-gram scale for use as supporting ligands in rare
earth separations systems. Addition of electron-donating, electron-neutral, and electronwithdrawing groups led to solid-state structures that exhibited similar metrics.

Adapted from work submitted to ACS Sustainable Chemistry & Engineering, 2019.
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4.1 Introduction
Previously, we described the RE(TriNOx) separation system, in which binary
early/late RE mixtures were separated with a single leaching step in benzene solutions
due to differences in solubility of monomeric/dimeric species formed in situ.1-2 We
determined that early RE complexes more-readily formed the soluble dimeric species,
[RE(TriNOx)]2, while the smaller, late RE cations did not self-associate in solution,
remaining largely insoluble in organic solvents. We also previously reported the
preparation of a methoxy-substituted analog of the parent ligand, H 3TriNOxOMe, and
determined that the corresponding Nd(TriNOxOMe) complex exhibited a larger dimerization
equilibrium constant, Kdimer, indicative of a higher degree of dimerization in solution due to
more electron-rich hydroxylamine arms.3 In that study, we demonstrated that substitution
of the aryl backbone of H3TriNOx could lead to changes in the properties of the
corresponding RE(TriNOxR) complexes, allowing for separations to be conducted in more
environmentally benign solvents.3 For the current work, we hypothesize that variable
substitution of the aryl backbone of H 3TriNOx can lead to optimization of separations
conditions, allowing for targeted separations procedures in which deliberate changes lead
to expected results (Scheme 4.1.1). Moreover, the development of a series of substituted
H3TriNOx proligands is expected to help identify trends in equilibria properties and their
relationship to macroscopic separations performance.
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Scheme 4.1.1. Strategy for developing a family of H3TriNOxR ligands with various
electron-donating/electron-withdrawing substituents and their corresponding para- and
meta-Hammett parameters (σp/σm).4
4.2 Results & Discussion
The synthesis of new tripodal hydroxylamine ligands required the preparation of
the corresponding substituted tris(benzylamine) starting materials, which were
synthesized in 2-6 steps from affordable starting materials in procedures described in the
following section. The tris(benzylamine) precursor for H3TriNOxtBu was prepared by
bromination of 2-bromo-4-tert-butylmethylbenzene with N-bromosuccinimide in the
presence of light, yielding 2-bromo-4-tert-butylbenzylbromide.5 Next, 2-bromo-4-tertbutylbenzylbromide was converted to tris(2-bromo-4-tert-butyl)benzylamine by alkylation
of ammonia (Scheme 4.2.1).6
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Scheme 4.2.1. Preparation of tris(2-bromo-4-tert-butyl)benzylamine from 2-bromo-4-tertbutyl-1-methylbenzene.
The tris(benzylamine) precursor for H3TriNOxPh was prepared by the selective
iodination and esterification of 2-bromobenzoic acid with N-iodosuccinimide, followed by
treatment with sulfuric acid in refluxing methanol to yield 2-bromo-5-iodobenzoate
(Scheme 4.2.2).7 Next, standard Suzuki cross-coupling conditions were used to selectively
install a phenyl group at the 5-iodo position over the 2-bromo site, affording 2-bromo-5phenylbenzoate.8

Scheme 4.2.2. Preparation of (2-bromo-5-phenyl)benzoate from 2-bromobenzoic acid.
A lithium aluminum hydride reduction led to the formation of 2-bromo-5phenylbenzyl alcohol in quantitative yield.8 Finally, bromination of 2-bromo-5-phenylbenzyl
alcohol was accomplished with phosphorus tribromide, yielding 2-bromo-5-phenylbenzyl
bromide (Scheme 4.2.3).
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Scheme 4.2.3. Preparation of (2-bromo-5-phenyl)benzyl bromide from (2-bromo-5phenyl)benzoate.
Alkylation of ammonia with 2-bromo-5-phenylbenzyl bromide led to the formation
of bis(2-bromo-5-phenyl)benzylamine (Scheme 4.2.4). To convert to the triply-substituted
compound, bis(2-bromo-5-phenyl)benzylamine was stirred in refluxing toluene with an
additional equivalent of 2-bromo-5-phenylbenzyl bromide in the presence of Hünig’s base.
After trituration of the resulting orange oil in dichloromethane, tris(2-bromo-5phenyl)benzylamine was isolated as a white solid in 60% yield.

Scheme 4.2.4. Preparation of tris(2-bromo-5-phenyl)benzylamine from (2-bromo-5phenyl)benzylbromide.
The trisbenzylamine precursor for H3TriNOxCF3 was prepared by selective
bromination of para-trifluoromethylaniline with N-bromosuccinimide to afford 2-bromo-4trifluoromethylaniline (Scheme 4.2.5).9 Next, 2-bromo-4-trifluoromethylaniline was
converted to 2-bromo-4-trifluoromethyliodobenzene by diazotization with sodium nitrite
and potassium iodide.10
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Scheme

4.2.5.

Preparation

of

2-bromo-4-(trifluoromethyl)iodobenzene

from

4-

(trifluoromethyl)aniline.
Subsequently, 2-bromo-4-trifluoromethyliodobenzene was converted to 2-bromo4-trifluormethylbenzaldehyde by addition of isopropylmagnesium bromide, followed by
addition of dimethylformamide (Scheme 4.2.6).11 Amination was accomplished by stirring
2-bromo-4-trifluormethylbenzaldehyde with hydroxylamine, followed by the addition of an
excess of zinc dust to yield 2-bromo-4-trifluoromethylbenzylamine.12

Scheme 4.2.6. Preparation of 2-bromo-4-(trifluoromethyl)benzylamine from 2-bromo-4(trifluoromethyl)iodobenzene.
Finally, an equivalent of 2-bromo-4-trifluoromethylbenzylamine was stirred with
two equivalents of 2-bromo-4-trifluormethylbenzaldehyde in the presence of sodium
tris(acetoxy)borohydride to afford tris(2-bromo-4-trifluoromethyl)benzylamine in 80% yield
(Scheme 4.2.7).
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Scheme 4.2.7. Preparation of tris(2-bromo-4-trifluoromethyl)benzylamine from 2-bromo4-(trifluoromethyl)benzylamine.
In

a

manner

butyl)benzylamine

previously

reported,

tris(2-tert-butylhydroxylamine-4-tert-

(H3TriNOxtBu) was prepared by lithiation of tris(2-bromo-4-tert-

butyl)benzylamine and subsequently reacted with (tBuNO)2 (Scheme 4.2.8).1 After an
aqueous organic workup and trituration of the sample with acetonitrile, a pale yellow solid
was collected by filtration over a medium glass frit with a 56% yield. X-ray quality crystals
were grown from a hot hexanes solution that was allowed to cool to room temperature
(Figure 4.4.24).

Scheme 4.2.8. Synthesis of H3TriNOxtBu.
In

a

manner

previously

reported,

tris(2-tert-butylhydroxylamine-5-

phenyl)benzylamine (H3TriNOxPh) was prepared by lithiation of tris(2-bromo-5-
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phenyl)benzylamine and subsequently reacted with (tBuNO)2 (Scheme 4.2.9).1 After an
aqueous organic workup and trituration of the sample with acetonitrile, a tan solid was
collected by filtration over a medium glass frit with a 65% yield. X-ray quality crystals were
grown from an acetonitrile solution that was cooled to -25 °C (Figure 4.4.25).

Scheme 4.2.9. Synthesis of H3TriNOxPh.
In

a

manner

previously

reported,

tris(2-tert-butylhydroxylamine-4-

trifluoromethyl)benzylamine (H3TriNOxCF3) was prepared by lithiation of tris(2-bromo-4trifluoromethyl)benzylamine and subsequently reacted with (tBuNO)2 (Scheme 4.2.10).1
After an aqueous organic workup and trituration of the sample with dichloromethane, a
tan-yellow solid was collected by filtration over a medium glass frit with a 78% yield. X-ray
quality crystals were grown from slow evaporation of an acetone solution (Figure 4.4.26).
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Scheme 4.2.10. Synthesis of H3TriNOxCF3.
A comparison of the bond metrics found in the solid-state structures of the family
of H3TriNOxR ligands shows similar values for all derivatives (Table 4.2.1). For example,
we found that the hydroxylamine N–O bond length was fairly similar for each H 3TriNOxR
derivative. However, we noted that the sum of all the angles around the N tBuNO atom was
dependent upon the type of hydrogen bonding exhibited in the solid-state structure. For
those compounds in which intramolecular hydrogen bonding was observed, a higher sum
of these angles was found, while lower sums were found for the compounds that exhibited
intermolecular hydrogen bonding.
Table 4.2.1. Selected bond metrics and type of hydrogen bonding observed in solidstate structures of H3TriNOxR (R = 5-OMe, 4-tBu, 5-Ph, H, and 4-CF3). Metrics for R = 5OMe and H taken from references 3 and 1, respectively.
Compounds

N-O

Σ Y-NtBuNO-Z

Hydrogen Bonding
Type

H3TriNOxOMe 3

1.458(3) Å

328.45(19)°

Inter-

H3TriNOxtBu

1.442(4) Å

333.1(3)°

Intra-

H3TriNOxPh

1.4573(15) Å

329.07(10)°

Inter-

H3TriNOx1

1.458(16) Å

332.17(12)°

Intra-

H3TriNOxCF3

1.461(2) Å

327.77(16)°

Inter-
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A comparison of the electrochemical properties of the ligand derivatives was also
conducted. The cyclic voltammograms of H 3TriNOxR (R = 5-OMe, 4-tBu, 5-Ph, 4-CF3)
compounds were recorded in dichloromethane and the anodic peak potential (Epa) for the
observed oxidation feature was compared to that previously reported for the parent
H3TriNOx (Figures 4.4.27 –4.4.30).13 The Epa values were plotted against the
corresponding Hammett parameter of each ligand derivative, as shown in Figure 4.2.1.
This comparison indicated that the anodic peak potential of the oxidation of H3TriNOxR
compounds trended well with the corresponding Hammett parameters, with the exception
of H3TriNOxOMe, which exhibited a more positive anodic peak potential than was expected.

Figure 4.2.1. Comparison of the anodic peak potential (Epa) of the oxidation feature for
H3TriNOxR with the corresponding Hammett parameter (σm/σp).
The complete set of H3TriNOxR ligand derivatives were prepared and purified on
the gram scale for separations experiments. These compounds were fully characterized
and used in the separations experiments described in later chapters. Once isolated, these
compounds were stable in air as solids for weeks, though long-term storage was
accomplished in inert atmosphere.
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4.3 Conclusions
A complete suite of H3TriNOxR ligand derivatives with varying electron
donating/electron withdrawing substituents was synthesized and characterized. Solidstate bond metrics were found to be similar across the series, and each ligand derivative
could be stored on the benchtop for weeks at a time. The compounds were purified by
crystallization, and gram-scale preparations were conducted for isolation of ligand material
for separations experiments. Cyclic voltammetry studies were conducted on the entire
suite of H3TriNOxR ligand derivatives, and the anodic peak potential (Epa) of the ligand
oxidation feature was compared to the corresponding Hammett parameter for each
derivative.
4.4 Experimental Section
General Methods
Unless otherwise noted, all reactions and manipulations were performed under an inert
atmosphere (N2) using standard Schlenk techniques or in a Vacuum Atmospheres, Inc.
Nexus II drybox equipped with equipped with a molecular sieves 13X/Q5 Cu-0226S
catalyst purifier system. Glassware was oven-dried for at least three hours at 150 °C prior
to use. 1H NMR spectra were obtained on a Bruker DMX-300 Fourier transform NMR
spectrometer while operating at a 1H frequency of 300 MHz.
obtained on a UNI 400 instrument while operating at a

13

C{1H} NMR spectra were

13

C frequency of 100.61 MHz.

Chemical shifts were recorded in units of parts per million and referenced against residual
proteo solvent peaks for 1H NMR and characteristic solvent peaks for 13C NMR. Elemental
analyses were performed on a Costech ECS 4010 Analyzer.
Materials
Tetrahydrofuran, diethyl ether, dimethoxyethane, benzene, toluene, dichloromethane,
hexanes, pentane, and acetonitrile were purchased from Fisher Scientific. All solvents
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were sparged with dry argon for 30 minutes and dried using a commercial two-column
solvent purification system comprising columns packed with Q5 reactant and neutral
alumina, respectively (benzene, toluene, DCM, hexanes, pentane, acetonitrile), or two
columns of neutral alumina (THF, Et2O, and DME). CDCl3, C6D6, pyridine-d5, thf-d8,
CD3OD, and acetone-d6 were purchased from Cambridge Isotope Laboratories, Inc. and
stored over 4A molecular sieves prior to use. 2-bromo-4-tert-butyl-1-methylbenzene, 2bromobenzoic acid, and 4-(trifluoromethyl)aniline were purchased from Sigma Aldrich and
used as received.
Electrochemistry
All experiments were performed under an inert atmosphere (N2) in a drybox with
electrochemical cells that contsisted of a 4 mL vial, glassy carbon disk (3 mm diameter)
working electrode, a platinum-wire counterelectrode, and a silver wire plated with AgCl as
a quasi-reference electrode. The working electrode surface was polished prior to each set
of experiments. Potentials recorded in THF were referenced versus ferrocene, which was
added as an internal standard for calibration at the end of each run. Solutions employed
during CV studies were approximately 3 mM in analyte and 100 mM in [ nPr4N][BArF4]. All
data were collected in a positive-feedback IR compensation mode. The THF solution cell
resistances were measured prior to each run to ensure resistances (≲ 500 Ω).
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Synthetic Details
Preparation of tris(2-bromo-4-tert-butyl)benzylamine from 2-bromo-4-tert-butyl-1methylbenzene

Synthesis of (2-bromo-4-tert-butyl)benzylbromide
(2-bromo-4-tert-butyl)benzylbromide was synthesized according to a procedure adapted
from Mallory et. al.5 2-bromo-4-tert-butyl-1-methylbenzene (18.7 g, 105 mmol, 1 equiv.)
and N-bromosuccinimide (23.8 g, 105 mmol, 1 equiv.) were stirred in 150 mL of carbon
tetrachloride, which was refluxed overnight. The reaction mixture was allowed to cool and
then filtered over a glass frit. Volatiles were removed from the filtrate under reduced
pressure to give a colorless liquid (30.0 g, 94%).
Synthesis of tris(2-bromo-4-tert-butyl)benzylamine
tris(2-bromo-4-tert-butyl)benzylamine was synthesized according to a procedure adapted
from Fox et. al.6 2-bromo-4-tertbutylbenzyl bromide (6.00 g, 19.6 mmol, 3.0 equiv.) was
stirred in ethanol to dissolve all solids. Ammonium hydroxide (29%) (2.22 g, 63.4 mmol,
9.7 equiv.) was added to solution and the reaction mixture was stirred at room temperature
for 2 days, producing a white solid. The precipitate was collected by filtration, washed with
ethanol, and dried under reduced pressure overnight to yield a white solid (3.85 g, 85%).
H NMR (ppm, d8-thf, 300 MHz): δ = 7.68 (d, J = 8.1 Hz, 3H), 7.56 (d, J = 1.9 Hz, 3H), 7.25

1

(dd, J = 8.1, 1.4 Hz, 3H), 3.78 (s, 6H), 1.27 (s, 27H).

C NMR (ppm, d8-thf, 400 MHz): δ

13
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= 152.5, 136.0, 130.3, 129.9, 125.4, 124.4, 58.4, 35.0, 31.3. IR: ν = 2962, 1549, 1493,
1480, 1440, 1387, 1360, 1273, 1261, 1147, 1130, 1114, 1035, 984, 882, 860, 835, 722,
707, 602 cm-1. HRMS: (ESI) m/z calc. for C33H43Br3N (M+H): 690.0946, found: 690.0947.
Synthesis of tris(2-tert-butylhydroxylaminato-4-tertbutyl)benzylamine ([(2t
BuNOH)(4-tBu)C6H3CH2]3N, H3TriNOxtBu)

Tris(2-bromo-4-tertbutyl)benzylamine (2.00 g, 2.89 mmol, 1 equiv.) was dissolved in hot
THF (100 mL) and added to a 200 mL Schlenk flask equipped with a magnetic stir bar.
The flask was placed under atmosphere and cooled to -78 °C. A 1.6 M solution of nbutyllithium complex in hexanes (5.95 mL, 9.53 mmol, 3.3 equiv.) was added dropwise
and the reaction was stirred for 3 hours. A THF solution of 2-methyl-2-nitrosopropane
dimer (1.01 g, 5.78 mmol, 2 equiv.) was added and the reaction was gradually warmed to
room temperature and stirred for 3 hours. The reaction was quenched with a saturated
aqueous ammonium chloride solution. The organic portion was extracted with 3 x 50 mL
diethyl ether. The combined organics were dried over magnesium sulfate and volatiles
removed under reduced pressure, yielding a yellow solid. Single crystals were grown from
a hot hexanes solution allowed to cool to room temperature (1.15 g, 56%). 1H NMR (ppm,
d5-pyr, 300 MHz): δ = 8.47 (s, 3H), 7.53 (d, J = 1.9 Hz, 3H), 7.16 (q, J = 7.9 Hz, 6H), 3.61
(s, 6H),1.28 (s, 27H), 0.82 (s, 27H).

C NMR (ppm, CDCl3, 400 MHz): δ = 150.6, 149.1,

13

132.0, 131.9, 124.4, 122.2, 59.0, 56.2, 34.6, 31.4, 26.7. IR: ν = 3355, 2962, 1606, 1462,
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1385, 1361, 1273, 1250, 1205, 1102, 1077, 950, 900, 859, 822, 723, 655, 624, 559, 521
cm-1. HRMS: (ESI) m/z calc. for C45H73N4O3 (M+H): 717.5683, found: 717.5687. Anal. calc.
for C45H72N4O3: C, 75.37; H, 10.12; N, 7.81. Found: C, 75.64; H, 9.73; N, 7.67.
Preparation of (2-bromo-5-phenyl)benzylbromide from 2-bromobenzoic acid

Synthesis of 2-bromo-5-iodobenzoate
2-bromo-5-iodobenzoate was synthesized according to a procedure adapted from Dahl et
al.7 2-bromobenzoic acid was (6.00 g, 29.8 mmol, 1 equiv.) was dissolved in 70 mL conc.
sulfuric acid and chilled to 0°C in an ice bath. N-iodosuccinimide (6.72 g, 29.8 mmol, 1
equiv.) was then added over 15 min. and the reaction was stirred for 5h. The reaction was
then poured over ice and extracted with 3 x 100 mL EtOAc. The combined organics were
washed with 1 x 50 mL of 10% Na2S2O3, 2 x 50 mL H2O, and 1 x 50 mL brine. The organics
were then dried over magnesium sulfate (anhyd.) and filtered, and volatiles were removed
under reduced pressure to yield a pale yellow solid (9.2 g, 95%). The crude 2-bromo-5iodobenzoic acid (9.2 g, 26.1 mmol, 1 equiv.) was dissolved in 200 mL methanol and 4
mL conc. sulfuric acid was added. The reaction mixture was refluxed overnight. The
reaction was then cooled, diluted with 200 mL H2O, and extracted with 3 x 50 mL diethyl
ether. The combined organics were washed with 1 x 50 mL Na 2S2O3, 1 x 50 mL H2O, and
2 x 50 mL brine. The organics were dried with magnesium sulfate, filtered, and volatiles
were removed under reduced pressure. White crystals formed upon letting the sample
stand at room temperature (9.05 g, 89%).
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Synthesis of 2-bromo-5-phenylbenzoate
2-bromo-5-phenylbenzoate was synthesized according to a procedure adapted from
Duggan et al.8 2-bromo-5-iodobenzoate (10.0 g, 29.3 mmol, 1 equiv.), phenylboronic acid
(3.57 g, 29.2 mmol, 0.95 equiv.), and potassium carbonate (8.12 g, 58.7 mmol, 2 equiv.)
was stirred in a mixture of toluene (200 mL), ethanol (50 mL), and water (25 mL). The
reaction

flask

was

sparged

with

nitrogen

for

30

mins.

Tetrakis(triphenylphosphine)palladium (0.068 g, 0.59 mmol) was added to the reaction
under a stream of nitrogen. The reaction was sparged with nitrogen for 15 min, followed
by refluxing overnight. The reaction mixture was cooled to room temperature, then
partitioned between 200 mL toluene and 100 mL H 2O. The combined organics were
washed with 2 x 100 mL brine, dried over magnesium sulfate, filtered, and volatiles were
removed under reduced pressure, yielding an orange oil. The residue was purified by flash
chromatography (10% to 25% EtOAc/Hexanes) to give an orange oil (6.02 g, 62%).
Synthesis of 2 bromo-5-phenylbenzyl alcohol
2-bromo-5-phenylbenzyl alcohol was synthesized according to a procedure adapted from
Duggan et al.8 A suspension of lithium aluminum hydride (1.26 g, 33.2 mmol, 0.75 equiv.)
in 80 mL anhydrous THF was prepared in an atmosphere of nitrogen and cooled to 0°C.
Next, a THF solution of 2-bromo-5-phenylbenzoate (12.9 g, 44.3 mmol, 1 equiv.) was
added dropwise to the reaction mixture under a stream of nitrogen. The mixture was stirred
at 0°C for 40 min, followed by an additional 20 min stirring at room temperature. The
reaction mixture was quenched by dropwise addition of 1.2 mL H2O, 1.2 mL 15% sodium
hydroxide solution, and 3.6 mL H2O. EtOAc (100 mL) was added to the solution, and the
mixture was filtered over celite, with rinses of EtOAc. The organic filtrates were dried over
anhydrous magnesium sulfate, filtered, and volatiles were removed under reduced
pressure to yield a white solid (11.4 g, 98%).
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Synthesis of 2-bromo-5-phenylbenzyl bromide
2-bromo-5-phenylbenzyl alcohol (6.00 g, 22.8 mmol, 1.0 equiv.) was stirred in 150 mL of
dichloromethane, and the resulting solution was cooled to 0 °C and sparged with nitrogen
for 15 minutes. Afterwards, phosphorus tribromide (6.79 g, 25.1 mmol, 1.1 equiv.) was
added dropwise under nitrogen flow and the reaction was stirred at room temperature
overnight. The reaction was quenched with 150 mL of a saturated sodium carbonate
solution (dropwise at first!). The solution was extracted with 3 x 150 mL dichloromethane,
washed with 2 x 150 mL brine, and dried over magnesium sulfate. Volatiles were removed,
and the sample was dried under reduced pressure overnight to yield a white solid (6.2 g,
83%). 1H NMR (ppm, CDCl3, 300 MHz): δ = 7.67 (d, J = 11.9 Hz, 1H), 7.66 (d, J = 12.9
Hz, 1H), 7.59 (t, J = 1.8 Hz, 1H), 7.56 (d, J = 1.2 Hz, 1H), 7.47 (s, 1H), 7.46 (dt, J = 20.9,
1.5 Hz, 1H), 7.45 (s, 1H), 7.41 (d, J = 2.5 Hz, 1H), 7.38 (d, J = 2.2 Hz, 1H), 4.67 (s, 2H).
C NMR (ppm, CDCl3, 500 MHz): δ = 141.3, 139.4, 137.4, 133.8, 130.0, 129.1, 128.8,

13

128.0, 127.1, 123.5, 33.5. IR: ν = 1469, 1446, 1433, 1390, 1214, 1190, 1075, 1056, 1027,
1020, 894, 829, 756, 727, 714, 695, 649, 570, 545, 520 cm -1. HRMS: (ESI) m/z calc. for
C13H11Br2N (M+H): 323.9149, found: 323.9155.
Preparation of tris(2-bromo-5-phenyl)benzylamine from (2-bromo-5phenyl)benzylbromide
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Synthesis of bis(2-bromo-5-phenyl)benzylamine
2-bromo-5-phenylbenzyl bromide (4.00 g, 12.3 mmol, 2.0 equiv.) was dissolved in 100 mL
ethanol and allowed to cool to room temperature. Ammonium hydroxide (29%) (1.51 g,
42.9 mmol, 7.0 equiv.) was added to solution and the reaction mixture was stirred for 2
days, producing a white solid. The precipitate was collected by filtration, washed with
ethanol, and dried under reduced pressure overnight to yield a white solid (2.2 g, 70%).
H NMR (ppm, d8-thf, 400 MHz): δ = 7.90 (d, J = 1.9 Hz, 2H), 7.61 (t, J = 7.0 Hz, 4H), 7.55

1

(d, J = 8.3 Hz, 1H), 7.51 (dd, J = 7.8, 1.6 Hz, 1H), 7.41 (dd, J = 7.8, 2.4 Hz, 1H), 7.39 (t, J
= 7.7 Hz, 4H), 7.31 (d, J = 7.2 Hz, 2H), 7.27 (m, overlapping, 1H), 4.00 (d, J = 6.7 Hz, 4H),
2.42 (q, J = 6.7 Hz, 1H). 13C NMR (ppm, d8-thf, 400 MHz): δ = 141.2, 140.9, 133.5, 129.4,
129.1, 128.1, 127.5, 127.4, 123.4, 53.5. IR: ν = 2981, 1463, 1448, 1383, 1334, 1183, 1139,
1108, 1075, 1054, 1024, 999, 960, 889, 832, 815, 758, 735, 716, 694 cm-1. HRMS: (ESI)
m/z calc. for C26H22Br2N (M+H): 506.0119, found: 506.0119.
Synthesis of tris(2-bromo-5-phenyl)benzylamine
bis(2-bromo-5-phenyl)benzylamine (2.27 g, 4.48 mmol,1.0 equiv.) and 2-bromo-5phenylbenzyl bromide (1.46 g, 4.48 mmol, 1.0 equiv.) were stirred in 100 mL of toluene.
N,N-diisopropylethylamine (Hünig’s base) (0.70 g, 5.4 mmol, 1.2 equiv.) was added to the
solution, and the reaction was refluxed overnight. Volatiles were removed, and the
resulting residue was triturated with dichloromethane. The precipitate was collected by
filtration and dried under reduced pressure overnight to yield a white solid (2.55 g, 75%).
H NMR (ppm, d8-thf, 400 MHz): δ = 8.11 (d, J = 2.2 Hz, 3H), 7.55 (d, J = 8.2 Hz, 3H), 7.51

1

(dd, J = 7.6, 1.6 Hz, 6H), 7.37 (dd, J = 8.2, 2.3 Hz, 3H), 7.25 (m, overlapping, 9H), 4.00
(s, 6H).

C NMR (ppm, d8-thf, 400 MHz): δ = 141.1, 140.5, 139.4, 133.7, 129.7, 129.5,

13

128.1, 127.7, 127.3, 123.8, 59.1. IR: ν = 2981, 1466, 1447, 1386, 1372, 1181, 1139, 1120,
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1076, 1055, 1026, 970, 892, 830, 821, 757, 728, 693, 524, 469 cm -1. HRMS: (ESI) m/z
calc. for C39H31Br3N (M+H): 750.0007, found: 750.0020.
Synthesis of tris(2-tert-butylhydroxylaminato-5-phenyl)benzylamine ([(2t
BuNOH)(5-C6H5)C6H3CH2]3N, H3TriNOxPh)

Tris(2-bromo-5-phenyl)benzylamine (3.00 g, 3.99 mmol, 1 equiv.) was dissolved in hot
THF (500 mL) and added to a 1 L Schlenk flask equipped with a magnetic stir bar. The
flask was placed under atmosphere and cooled to -100 °C. A 1.6 M solution of nbutyllithium complex in hexanes (8.2 mL, 13.2 mmol, 3.3 equiv.) was added dropwise and
the reaction was stirred for 3 hours. A THF solution of 2-methyl-2-nitrosopropane dimer
(1.39 g, 7.97 mmol, 2 equiv.) was added and the reaction was gradually warmed to room
temperature and stirred for 3 hours. The reaction was quenched with a saturated aqueous
ammonium chloride solution. The organic portion was extracted with 3 x 50 mL diethyl
ether. The combined organics were dried over magnesium sulfate and volatiles removed
under reduced pressure, yielding a white solid. Single crystals were grown from an
acetonitrile solution cooled to -25 °C (2.05 g, 65%). 1H NMR (ppm, C6D6, 400 MHz): δ =
7.85 (s, 3H), 7.72 (d, J = 5.0 Hz, 3H), 7.66 (s, 3H), 7.60 (d, J = 4.1 Hz, 6H), 7.42 (d, J =
5.4 Hz, 3H), 7.24 (s, 6H), 3.92 (s, 6H), 1.01 (s, 27H).

C NMR (ppm, C6D6, 400 MHz): δ
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= 149.1, 141.4, 138.8, 136.1, 130.4, 129.2, 127.5, 127.4, 126.6, 60.1, 56.0, 26.4. IR: ν =
3363, 2979, 2869, 1479, 1450, 1386, 1356, 1204, 1132, 1099, 1053, 1027, 970, 944, 895,
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838, 771, 755, 698, 527 cm -1. HRMS: (ESI) m/z calc. for C51H61N4O3 (M+H): 777.4744,
found: 777.4756. Anal. calc. for C51H60N4O3: C, 78.83; H, 7.78; N, 7.21. Found: C, 78.38;
H, 8.07; N, 7.22.
Preparation of 2-bromo-4-(trifluoromethyl)benzylamine from 4-(trifluoromethyl)aniline

Synthesis of 2-bromo-4-(trifluoromethyl)aniline
2-bromo-4-(trifluoromethyl)aniline was synthesized according to a procedure adapted
from Crousse et al.9 4-(trifluoromethyl)aniline (15.0 g, 93.1 mmol, 1 equiv.) was stirred in
150 mL DCM and cooled to 0 °C in an icebath. N-bromosuccinimide (16.5 g, 94.0 mmol,
1.01 equiv.) was added to the reaction mixture over the course of 15 minutes. The reaction
was stirred 20 minutes, then allowed to warm to room temperature and stirred for an
additional 40 minutes. The reaction was quenched with dropwise addition of saturated
sodium bicarbonate solution, followed by addition of H 2O. The sample was extracted with
2 x 150 mL DCM, washed with 1 x 150 mL H 2O and 2 x 150 mL brine. The combined
organics were dried over magnesium sulfate, filtered, and volatiles were removed under
reduced pressure to yield a bright orange oil (20.3 g, 91%).

Synthesis of 2-bromo-4-(trifluoromethyl)iodobenzene
2-bromo-4-(trifluoromethyl)iodobenzene was synthesized according to a procedure
adapted from Jorgensen et al.10 2-bromo-4-(trifluoromethyl)aniline (20.9 g, 87.1 mmol, 1
equiv.) was added dropwise to 40 mL hydrochloric acid (%) and cooled to 0 °C in an
icebath. An aqueous solution of sodium nitrite (6.61 g, 95.8 mmol, 1.1 equiv.) in 26 mL
H2O was added dropwise and the reaction was stirred 30 minutes. An aqueous solution
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of potassium iodide (127.2 g, 766 mmol, 8.8 equiv.) in 150 mL H 2O was added to the
reaction dropwise. The reaction mixture was allowed to warm to room temperature while
stirring overnight. The reaction was extracted with 3 x 150 mL hexanes, and the combined
organics were washed with 2 x 150 mL 1 M sodium hydroxide solution, 2 x 150 mL
saturated sodium bisulfite solution, and 1 x 200 mL brine. The combined organics were
dried over magnesium sulfate, filtered, and volatiles were removed under reduced
pressure to yield an orange oil. The sample was purified by flash chromatography with
100% hexanes eluent, and the product was isolated as a pale pink liquid that crystallized
upon standing (22.8 g, 75%).
Synthesis of 2-bromo-4-(trifluoromethyl)benzaldehyde
2-bromo-4-(trifluoromethyl)benzaldehyde was synthesized according to a procedure
adapted from Hall et al.11 2-bromo-4-(trifluoromethyl)iodobenzene (10.1 g, 28.8 mmol, 1
equiv.) was stirred in a 50:50 mixture of THF and diethyl ether under a stream of nitrogen.
The solution was cooled to -78 °C in a dry ice/acetone bath. A 3.0 M solution of
isopropylmagnesium bromide (9.7 mL, 29.1 mmol, 1.01 equiv.) in THF was added
dropwise, and the reaction mixture was stirred for 2 hours. The reaction was quenched
with dropwise addition of N,N-dimethylformamide (6.6 mL, 86.3 mmol, 3 equiv.), and the
solution was allowed to warm to room temperature over 30 minutes while stirring. The
reaction mixture was quenched by dropwise addition of sodium bicarbonate, followed by
extraction with 3 x 150 mL diethyl ether. The combined organics were washed with 2 x
150 mL brine, and 1 x 150 mL 1 M lithium chloride solution. The combined organics were
dried over magnesium sulfate, filtered, and volatiles removed under reduced pressure to
yield an orange oil (6.4 g, 88%).
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Synthesis of 2-bromo-4-(trifluoromethyl)benzylamine
2-bromo-4-(trifluoromethyl)benzaldehyde was synthesized according to a procedure
adapted from Almirall et al.12 2-bromo-4-(trifluoromethyl)benzaldehyde (4.18 g, 16.5 mmol,
1 equiv.) was stirred in 100 mL methanol. Hydroxylamine (50%) (0.601 g, 18.2 mmol, 1.1
equiv.) was added dropwise and the resulting solution was stirred 3 hours. Volatiles were
removed under vacuum, partitioned between 200 mL ethyl acetate and 200 mL deionized
water. Combined organics were washed with 2 x 100 mL deionized water, dried over
magnesium sulfate and volatiles removed under vacuum. The resulting pale yellow
residue was stirred in 100 ml glacial acetic acid and zinc powder (4.34 g, 66.1 mmol, 4.1
equiv.) was added and the reaction was stirred overnight. The reaction was quenched with
sodium bicarbonate, extracted with 2x 200 mL ethyl acetate, washed with brine, and dried
over magnesium sulfate. Volatiles were removed under reduced pressure to yield an
orange oil (3.41 g, 81%). 1H NMR (ppm, CD3OD, 300 MHz): δ = 8.03 (s, 1H), 7.79 (s, 2H),
4.37 (s, 2H).

C NMR (ppm, CD3OD, 400 MHz): δ = 138.5 (s), 133.8 (q, J = 33.3 Hz),

13

132.4 (s), 131.2 (q, J = 3.9 Hz), 126.3 (q, J = 3.7 Hz), 125.6 (s), 124.4 (q, J = 272.0 Hz),
43.8 (s).

F NMR (ppm, CD3OD, 400 MHz): δ = -64.5.IR: ν = 2870, 2829, 2642, 2616,

19

1526, 1402, 1320, 1273, 1178, 1149, 1119, 1077, 1047, 1016, 905, 895, 832, 820, 682,
623 cm-1. HRMS: (ESI) m/z calc. for C8H6BrF3N (M-H): 251.9636, found: 251.9608.
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Preparation of tris(2-bromo-4-trifluoromethyl)benzylamine from 2-bromo-4(trifluoromethyl)benzylamine

Synthesis of tris(2-bromo-4-trifluoromethyl)benzylamine
2-bromo-4-(trifluoromethyl)benzylamine (1.00 g, 3.94 mmol, 1 equiv.) and 2-bromo-4(trifluoromethyl)benzaldehyde (2.00 g, 7.91 mmol, 2.01 equiv.) were stirred in 30 mL
dichloroethane under nitrogen flow. Sodium triacetoxyborohydride (3.35 g, 15.7 mmol, 4
equiv.) was added slowly and the reaction mixture was stirred at room temperature
overnight. The reaction was quenched with sodium bicarbonate, extracted with 3 x 50 mL
dichloromethane and dried over magnesium sulfate. Volatiles were removed under
reduced pressure to yield a pale yellow oil that solidified upon standing. Crystallization
was performed a cold hexanes solution to yield a white solid (2.01 g, 70%). 1H NMR (ppm,
CDCl3, 300 MHz): δ = 7.78 (d, J = 0.9 Hz, 3H), 7.69 (d, J = 8.1 Hz, 3H), 7.52 (dd, J = 8.1,
1.1 Hz, 3H), 3.89 (s, 6H).

C NMR (ppm, CDCl3, 400 MHz): δ = 141.8 (s), 131.3 (q, J =
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33.2 Hz), 130.5 (s), 130.0 (q, J = 3.8 Hz), 124.5 (s), 124.4 (q, J = 3.7 Hz), 123.2 (q, J =
272.6 Hz), 58.7 (s). 19F NMR (ppm, CDCl3, 300 MHz): δ = -62.8. IR: ν = 1612, 1397, 1271,
1316, 1303, 1267, 1204, 1169, 1119, 1077, 1038, 983, 955, 911, 889, 833, 708, 691, 648,
638 cm-1. HRMS: (ESI) m/z calc. for C24H16Br3F9N (M+H): 725.8689, found: 725.8679.
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Synthesis of tris(2-tert-butylhydroxylaminato-4-trifluoromethyl)benzylamine ([(2t
BuNOH)(4-CF3)C6H3CH2]3N, H3TriNOxCF3)

Tris(2-bromo-4-trifluoromethyl)benzylamine (1.00 g, 1.37 mmol, 1 equiv.) was dissolved
in THF (50 mL) and added to a 200 mL Schlenk flask equipped with a magnetic stir bar.
The flask was placed under atmosphere and cooled to -100 °C. A 1.6 M solution of nbutyllithium complex in hexanes (2.8 mL, 4.53 mmol, 3.3 equiv.) was added dropwise and
the reaction was stirred for 3 hours. A THF solution of 2-methyl-2-nitrosopropane dimer
(0.48 g, 2.75 mmol, 2 equiv.) was added and the reaction was gradually warmed to room
temperature and stirred for 3 hours. The reaction was quenched with a saturated aqueous
ammonium chloride solution. The organic portion was extracted with 3 x 50 mL diethyl
ether. The combined organics were dried over magnesium sulfate and volatiles removed
under reduced pressure, yielding a yellow solid. Single crystals were grown from a slow
evaporation of an acetone solution (0.81 g, 78%). 1H NMR (ppm, d6-acetone, 400 MHz):
δ = 8.02 (d, J = 8.1 Hz, 3H), 7.81 (s, 3H), 7.73 (s, 3H), 7.49 (d, J = 7.4 Hz, 3H), 3.83 (s,
6H), 1.04 (s, 27H).13C NMR (ppm, d6-acetone, 400 MHz): δ = 150.7 (s), 141.4 (s), 130.3
(s), 123.7 (q, J = 4.0 Hz), 122.7 (q, J = 3.8 Hz), 68.1 (s), 61.7 (s), 54.6 (s), 25.8 (s). 19F
NMR (ppm, d6-acetone, 400 MHz): δ = -63.0. IR: ν = 3250, 2980, 1412, 1321, 1251, 1230,
1167, 1123, 1099, 1079, 1068, 983, 961, 948, 903, 830, 743, 717, 659, 643, 542 cm -1.
HRMS: (ESI) m/z calc. for C36H46F9N4O3 (M+H): 753.3426, found: 753.3433.
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Figure 4.4.1. 1H NMR spectrum of tris(2-bromo-4-tert-butyl)benzylamine in d8-thf.
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Figure 4.4.2. 13C NMR spectrum of tris(2-bromo-4-tert-butyl)benzylamine in d8-thf.
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Figure 4.4.3. 1H NMR spectrum of 2-bromo-5-phenylbenzyl bromide in CDCl3.
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Figure 4.4.4. 13C NMR spectrum of 2-bromo-5-phenylbenzyl bromide in CDCl3.
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Figure 4.4.5. 1H NMR spectrum of bis(2-bromo-5-phenyl)benzylamine in d8-thf.
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Figure 4.4.6. 13C NMR spectrum of bis(2-bromo-5-phenyl)benzylamine in d8-thf.
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Figure 4.4.7. 1H NMR spectrum of tris(2-bromo-5-phenyl)benzylamine in d8-thf.
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Figure 4.4.8. 13C NMR spectrum of tris(2-bromo-5-phenyl)benzylamine in d8-thf.
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Figure 4.4.9. 1H NMR spectrum of (2-bromo-4-trifluoromethyl)benzylamine in CD3OD.
* indicates acetic acid impurity.
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Figure 4.4.10. 13C NMR spectrum of (2-bromo-4-trifluoromethyl)benzylamine in CD3OD.
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Figure 4.4.11. 19F NMR spectrum of (2-bromo-4-trifluoromethyl)benzylamine in CD3OD.
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Figure 4.4.12. 1H NMR spectrum of tris(2-bromo-4-trifluoromethyl)benzylamine in CDCl3.
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Figure 4.4.13. 13C NMR spectrum of tris(2-bromo-4-trifluoromethyl)benzylamine in CDCl3.
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Figure 4.4.14. 19F NMR spectrum of tris(2-bromo-4-trifluoromethyl)benzylamine in CDCl3.
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Figure
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Figure

4.4.16.
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Figure
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Figure

4.4.18.
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Figure

4.4.19.
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trifluoromethyl)benzylamine in acetone-d6.

118

Figure

4.4.20.
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Figure

4.4.21.
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X-Ray Crystallography
X-ray intensity data for H3TriNOxCF3 was collected on a Bruker D8QUEST14 CMOS
area detector employing graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at
100(1) K. X-ray intensity data for tris(2-bromo-5-phenyl)benzylamine, tris(2-bromo-4trifluoromethyl)benzylamine, H3TriNOxtBu, and H3TriNOxPh were collected on a Bruker
APEXII15 CCD area detector employing graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å) at 100(1) K. In all cases, rotation frames were integrated using SAINT,16
producing a listing of unaveraged F2 and σ(F2) values. The intensity data were corrected
for Lorentz and polarization effects and for absorption using SADABS. 17 H3TriNOxPh and
H3TriNOxCF3 were solved by direct methods using SHELXT. 18 tris(2-bromo-5phenyl)benzylamine, tris(2-bromo-4-trifluoromethyl)benzylamine, and H3TriNOxtBu were

120

solved by direct methods using SHELXS.19 Refinement was by full-matrix least squares
based on F2 using SHELXL-2016-2018.20 All reflections were used during refinements.
Non-hydrogen atoms were refined anisotropically.
Crystallographic data and structure refinement information for tris(2-bromo-5phenyl)benzylamine,

tris(2-bromo-4-trifluoromethyl)benzylamine,

H3TriNOxtBu,

H3TriNOxPh, and H3TriNOxCF3 are summarized in Tables 4.4.1 – 4.4.5.
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Figure 4.4.22. Thermal ellipsoid plot of tris(2-bromo-5-phenyl)benzylamine at the 30%
probability level. Hydrogen atoms omitted for clarity.

Figure 4.4.23. Thermal ellipsoid plot of tris(2-bromo-4-trifluoromethyl)benzylamine at the
30% probability level. Hydrogen atoms omitted for clarity.
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Figure 4.4.24. Thermal ellipsoid plot of H3TriNOxtBu at the 30% probability level. tBu
groups depicted in wireframe and hydrogen atoms omitted for clarity.

Figure 4.4.25. Thermal ellipsoid plot of H3TriNOxPh at the 30% probability level. tBu groups
depicted in wireframe and hydrogen atoms omitted for clarity.
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Figure 4.4.26. Thermal ellipsoid plot of H3TriNOxPh at the 30% probability level. tBu groups
depicted in wireframe and hydrogen atoms omitted for clarity.
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Table 4.4.1. Crystallographic parameters for tris(2-bromo-5-phenyl)benzylamine.
tris(2-bromo-5-phenyl)benzylamine
(Penn40271)
Empirical formula

C36H54N4O6

Formula weight

752.37

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

triclinic

Space group

_
P1

Cell constants:
a (Å)

9.3851(19)

b (Å)

11.778(3)

c (Å)

14.503(3)

α (°)

102.267(7)

β (°)

92.880(7)

γ (°)

94.271(6)

3

V (Å )

1558.6(6)

Z

2

Densitycalc

1.603 g/cm3

μ (absorption coefficient)

3.912 mm-1

F(000)

752.0

Crystal size (mm)

0.11 × 0.10 × 0.06

Theta range for data collection

1.44 – 27.556°

Index ranges

-12 ≤ h ≤ 8, -15 ≤ k ≤ 15, -18 ≤ l ≤ 18

Reflections collected

38156

Independent reflections

7048 [R(int) = 0.0554]

Completeness to theta

99.0%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.7456 and 0.5195

Data / restraints / parameters

7048 / 0 / 388

Goodness-of-fit on F

2

1.035

Final R indexes [I>=2σ (I)]

R1 = 0.0374, wR2 = 0.0911

Final R indexes [all data]

R1 = 0.0558, wR2 = 0.0997

Largest diff. peak / hole

0.72 / -0.83eÅ-3
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Table 4.4.2. Crystallographic parameters for tris(2-bromo-4-trifluoromethyl)benzylamine.
tris(2-bromo-4trifluoromethyl)benzylamine (Penn40290)
Empirical formula

C24H15NF9Br3

Formula weight

752.39

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

triclinic

Space group

_
P1

Cell constants:
a (Å)

8.7367(3)

b (Å)

10.4571(3)

c (Å)

15.2330(5)

α (°)

73.626(2)

β (°)

80.350(2)

γ (°)

76.316(2)

3

V (Å )

1289.72(7)

Z

2

Densitycalc

1.836 g/cm3

μ (absorption coefficient)

4.754 mm-1

F(000)

696.0

Crystal size (mm)

0.31 × 0.21 × 0.17

Theta range for data collection

1.402 – 27.546°

Index ranges

-11 ≤ h ≤ 11, -13 ≤ k ≤ 13, -19 ≤ l ≤ 19

Reflections collected

28704

Independent reflections

5932 [R(int) = 0.0368]

Completeness to theta

99.9%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.7456 and 0.5532

Data / restraints / parameters

5932 / 204 / 370

Goodness-of-fit on F

2

1.043

Final R indexes [I>=2σ (I)]

R1 = 0.0381, wR2 = 0.1011

Final R indexes [all data]

R1 = 0.0435, wR2 = 0.1043

Largest diff. peak / hole

1.20 / -1.09 eÅ-3
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Table 4.4.3. Crystallographic parameters for H3TriNOxtBu.
H3TriNOxtBu (Penn40285)
Empirical formula

C45H72N4O3

Formula weight

717.06

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

monoclinic

Space group

P21/n

Cell constants:
a (Å)

24.470(2)

b (Å)

7.2574(7)

c (Å)

24.738(2)

β (°)

96.321(5)

V (Å3)

1966.09(19)

Z

4

Densitycalc

1.091 g/cm3

μ (absorption coefficient)

0.068 mm-1

F(000)

1576.0

Crystal size (mm)

0.19 × 0.12 × 0.08

Theta range for data collection

1.111 – 25.395°

Index ranges

-29 ≤ h ≤ 29, -8 ≤ k ≤ 8, -29 ≤ l ≤ 29

Reflections collected

61842

Independent reflections

8015 [R(int) = 0.0468]

Completeness to theta

99.6%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.7452 and 0.6985

Data / restraints / parameters

8015 / 0 / 490

Goodness-of-fit on F

2

1.032

Final R indexes [I>=2σ (I)]

R1 = 0.0623, wR2 = 0.1706

Final R indexes [all data]

R1 = 0.0812, wR2 = 0.1847

Largest diff. peak / hole

0.72 / -0.33 eÅ-3
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Table 4.4.4. Crystallographic parameters for H3TriNOxPh.
H3TriNOxPh (Penn40292)
Empirical formula

C57H69N7O3

Formula weight

900.19

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

triclinic

Space group

_
P1

Cell constants:
a (Å)

13.7629(16)

b (Å)

13.7728(17)

c (Å)

15.5782(18)

α (°)

66.403(6)

β (°)

77.303(6)

γ (°)

75.695(6)

3

V (Å )

2597.7(6)

Z

2

Densitycalc

1.151 g/cm3

μ (absorption coefficient)

0.072 mm-1

F(000)

968.0

Crystal size (mm)

0.28 × 0.21 × 0.16

Theta range for data collection

1.44 – 25.459°

Index ranges

-16 ≤ h ≤ 16, -16 ≤ k ≤ 16, -18 ≤ l ≤ 18

Reflections collected

53622

Independent reflections

9494 [R(int) = 0.0448]

Completeness to theta

98.8%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.7452 and 0.7028

Data / restraints / parameters

9494 / 0 / 619

Goodness-of-fit on F

2

1.049

Final R indexes [I>=2σ (I)]

R1 = 0.0403, wR2 = 0.1119

Final R indexes [all data]

R1 = 0.0495, wR2 = 0.1194

Largest diff. peak / hole

0.23 / -0.27 eÅ-3
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Table 4.4.5. Crystallographic parameters for H3TriNOxCF3.
H3TriNOxCF3 (Penn40301)
Empirical formula

C36H45F9N4O3

Formula weight

752.76

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

trigonal

Space group

R3c

Cell constants:
a (Å)

15.4940(17)

c (Å)

54.709(6)

3

V (Å )

11374(3)

Z

12

Densitycalc

1.319 g/cm3

μ (absorption coefficient)

0.114 mm-1

F(000)

4728.0

Crystal size (mm)

0.26 × 0.23 × 0.07

Theta range for data collection

3.126 – 25.386°

Index ranges

-18 ≤ h ≤ 18, -18 ≤ k ≤ 18, -65 ≤ l ≤ 65

Reflections collected

55163

Independent reflections

2330 [R(int) = 0.0574]

Completeness to theta

99.8%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.7452 and 0.6615

Data / restraints / parameters

2330 / 66 / 188

Goodness-of-fit on F

2

1.079

Final R indexes [I>=2σ (I)]

R1 = 0.0554, wR2 = 0.1486

Final R indexes [all data]

R1 = 0.0634, wR2 = 0.1548

Largest diff. peak / hole

0.56 / -0.36 eÅ-3
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Electrochemistry

Figure 4.4.27. Cyclic voltammogram of H3TriNOxOMe recorded at a scan rate of 100 mV/s
in 0.1 M [nPr4N][BArF4] DCM solution.

Figure 4.4.28. Cyclic voltammogram of H3TriNOxtBu recorded at a scan rate of 100 mV/s
in 0.1 M [nPr4N][BArF4] DCM solution.
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Figure 4.4.29. Cyclic voltammogram of H3TriNOxPh recorded at a scan rate of 100 mV/s
in 0.1 M [nPr4N][BArF4] DCM solution.

Figure 4.4.30. Cyclic voltammogram of H3TriNOxCF3 recorded at a scan rate of 100 mV/s
in 0.1 M [nPr4N][BArF4] DCM solution.
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Chapter 5
Synthesis of RE(TriNOxR) Complexes and their Use in Rare Earth
Separations Systems

Abstract
Previously reported H 3TriNOxR (R = 4-tBu, 5-Ph, 4-CF3) (tris(2-tertbutylhydroxylamine-(R))benzylamine) ligands were coordinated to rare earth
cations for separations purposes. Metrics of the resulting complexes were
investigated and compared to their parent TriNOx 3- and TriNOxOMe3- counterparts
for an elaboration of the molecular basis for the described rare earth separations
system. Addition of the electron donating groups to the aryl backbone resulted in a
more electron rich ligand that increased the equilibrium constant for complex
dimerization, while addition of electron withdrawing groups resulted in a less
electron rich ligand that decreased the dimerization equilibrium constant. Metrics of
the rare earth complexes provided an explanation for the different separation
performances of each TriNOx R derivative system.

Adapted from work submitted to ACS Sustainable Chemistry & Engineering, 2019.
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5.1 Introduction
Mixtures of rare earth elements comprise ores such as bastnäsite (REFCO3, RE =
La-Gd), monazite ((REEarly, Th)PO4, RE = La-Gd), and xenotime ((RELate)PO4, RE = Ce,
Nd, Gd-Lu, Y), but their implementation into devices often require quantitatively pure
individual elements, necessitating the use of energy-intensive separation procedures.1-2
In terms of applications, neodymium (Nd) and dysprosium (Dy) are often used in
combination within neodymium iron boron permanent magnets that are used in wind
turbine generators and electric vehicle motors.3-5 Europium (Eu) and yttrium (Y) are often
used together in the red light phosphor, Y2O3:Eu3+ (YOX), in flat-panel displays and
compact fluorescent lights (CFLs).6-7 As such, these two rare earth combinations are
excellent candidates for targeted RE separations systems, especially for development of
new systems for metals recycling from end-of-life devices, which have been proposed to
help diversify the supply-chain for rare earth elements to stabilize the global market for
these materials.8-10
All industrial RE separations procedures use counter-current solvent extraction
processes, which are energy intensive and produce up to 200 tons of liquid acidic waste
per ton of RE-oxide produced.11-13 In these liquid-liquid extractions, an extractant is used
to selectively bind RE elements from the aqueous phase to transport the early or late RE
cation, depending upon the type of extractant used, into the organic phase. The resulting
aqueous and organic phases are enriched in early/late RE elements due to the small
differences in binding affinities of RE elements with the extractant. Previous efforts to
optimize the enrichment factor of a single mixer-settler stage have been made based upon
variation of the extractant species, where extractive properties have been correlated to
coordination complexes and to the corresponding binding constants.14-18 Notably, Ellis and
others have shown that mesoscopic assembly of higher-ordered reverse micelle
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aggregates occurs at the biphasic interface, and that this phenomenon may actually
determine the separation capacity of solvent extraction systems rather than the properties
of coordination compounds.19-22 The complexity of mesoscopic influences on macroscopic
systems limits the opportunity for optimization of the extractant, as separations efficiencies
cannot be analyzed on a molecular basis.
Several alternative separations techniques have been demonstrated in recent
studies including processes based upon selective crystallization, 23-25 photochemical
reduction,26-27 or kinetically-driven redox properties,28-29 rather than liquid-liquid
extractions. Chromatographic separations using functionalized materials30-32 and bioinspired separations processes that rely upon bioadsorption 33-34 or mineralization35
techniques have also been recently reported. In light of these alternative rare earth
separations systems, there is interest within the RE separations field for the development
of a system in which modification of the chemical species responsible for separations
leads to optimization of separations efficiencies for a targeted RE mixture.
Previously, we described the RE(TriNOx) separation system, in which binary
early/late RE mixtures were separated with a single leaching step in benzene solutions
due to differences in solubility of monomeric/dimeric species formed in situ.36-37 We
determined that early RE complexes more-readily formed the soluble dimeric species,
[RE(TriNOx)]2, while the smaller, late RE cations did not self-associate in solution,
remaining largely insoluble in organic solvents. We also previously reported the
preparation of a methoxy-substituted analog of the parent ligand, H 3TriNOxOMe, and
determined that the corresponding Nd(TriNOxOMe) complex exhibited a larger dimerization
equilibrium constant, Kdimer, indicative of a higher degree of dimerization in solution due to
more electron-rich hydroxylamine arms.38 In that study, we demonstrated that substitution
of the aryl backbone of H3TriNOx could lead to changes in the properties of the
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corresponding RE(TriNOxR) complexes, allowing for separations to be conducted in more
environmentally benign solvents.38 For the current work, we hypothesize that variable
substitution of the aryl backbone of H 3TriNOx can lead to optimization of separations
conditions, allowing for targeted separations procedures in which deliberate changes lead
to expected results (Scheme 5.1.1). Moreover, the development of a series of substituted
H3TriNOx proligands is expected to illuminate trends in microscopic thermodynamics
versus macroscopic separations performance.

Scheme 5.1.1. Strategy for developing H3TriNOxR derivatives with various electrondonating/electron-withdrawing substituents and their corresponding para- and metaHammett parameters.
5.2 Results & Discussion
To establish the new separations systems, new ligand variants with a range of
electronic and solubility properties were prepared, as discussed in Chapter 4.
RE(TriNOxR)(THF) complexes were synthesized using H3TriNOxR derivatives, as
previously reported, by protonolysis reaction of H 3TriNOxR and the corresponding
RE[N(SiMe3)2]3 starting materials (Scheme 5.2.1).36-38 X-ray quality crystals of
RE(TriNOxR)(THF) complexes were prepared by layering a hexanes solution of
RE[N(SiMe3)2]3 onto a THF solution of H3TriNOxR. The structures exhibited similar
coordination environments to the parent RE(TriNOx)(THF) and RE(TriNOx OMe)(THF)
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complexes, with three hydroxylamine arms coordinated in an η2-(N,O) fashion to the rare
earth cation.36, 38 The complexes all exhibited a C3-symmetric coordination environment
with an apical coordination site occupied by a THF molecule. Comparison of the bond
metrics of RE(TriNOxR)(THF) to those of RE(TriNOx)(THF) and RE(TriNOxOMe)(THF)
revealed similar features across all five ligand sets (Table 5.2.1).

Scheme 5.2.1 Synthesis RE(TriNOxR)(THF) complexes.
Dimeric species, [Nd(TriNOx R)]2 (R = 4-tBu, 5-Ph), were prepared by stirring the
corresponding Nd(TriNOxR)(THF) monomers in toluene or DME, followed by removal of
volatiles under reduced pressure. X-ray quality crystals were grown by slow evaporation
of toluene or dimethoxyethane solutions, and the bond metrics were included in Table
5.2.1. Structures of the dimeric complexes feature an Nd–Oaxial bond length that was
slightly longer than the corresponding monomeric complexes, as this bond was between
the Nd cation and a hydroxylamine O atom from the second Nd(TriNOxR) moiety, rather
than a THF molecule. Additionally, the dimeric species consistently exhibited longer
hydroxylamine Nd–O and Nd–N bond lengths than their monomeric counterparts.
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Table 5.2.1. Bond metrics (Å), %Vbur and temperature of THF dissociation (°C) for
RE(TriNOxR) monomer and dimer compounds.
Compounds

N–O

RE–ONO

RE–NNO

RE–Oaxial

RE–
Nbridgehead

%Vbur

Nd(TriNOxOMe)(THF)38

1.441(3)

2.270(2)

2.553(3)

2.625(2)

2.826(3)

80.1

Nd(TriNOxtBu)

1.453(12)

2.269(9)

2.496(10)

-

2.583(7)

84.2

Nd(TriNOxPh)(THF)

1.444(3)

2.2776(19)

2.550(2)

2.5516(19)

2.850(2)

80.0

Nd(TriNOx)(THF)36

1.420(4)

2.260(3)

2.554(4)

2.546(9)

2.819(9)

79.9

Nd(TriNOxCF3)(THF)

1.440(9)

2.264(6)

2.44(4)

2.525(15)

2.854(4)

80.0

Dy(TriNOxOMe)(THF)38

1.445(5)

2.192(3)

2.496(4)

2.551(3)

2.816(4)

81.7

Dy(TriNOxtBu)·3CHCl3

1.456(7)

2.197(5)

2.436(5)

-

2.574(5)

86.2

Dy(TriNOx)(THF)36

1.424(4)

2.180(3)

2.508(3)

2.487(10)

2.810(9)

81.3

Dy(TriNOxCF3)(THF)

1.460(12)

2.207(14)

2.499(12)

2.509(16)

2.791(15)

81.6

[Nd(TriNOxOMe)]238

1.450(3)

2.2784(18)

2.620(2)

2.5037(17)

2.940(2)

76.5

[Nd(TriNOxtBu)]2

1.445(4)

2.279(3)

2.609(3)

2.504(3)

2.955(3)

76.4

[Nd(TriNOx)]236

1.446(2)

2.2781(16)

2.6102(18)

2.5413(17)

2.923(2)

77.2

In previous work, we demonstrated that the percent buried volume (%Vbur) metric,
developed by Cavallo and co-workers, effectively described the relative exposure of the
rare earth cation in RE(TriNOx) complexes.39 For direct comparison between species and
for those previously reported, monomeric RE(TriNOxR)(THF) complexes were calculated
with the THF molecule removed, while dimeric [RE(TriNOx R)]2 complexes were
considered as single components of the dimer. Comparison of the percent buried volume
of RE(TriNOxR) complexes indicated that the degree of exposure of each rare earth cation
was independent of the substituent on the TriNOx fragment. The %Vbur of
Nd(TriNOxR)(THF) complexes fell within 0.2% (%Vbur = 79.9-80.1%), while that of
Dy(TriNOxR)(THF) complexes fell within 0.4% (%Vbur = 81.3-81.7%). Both tert-butyl
substituted monomers, Nd(TriNOxtBu) and Dy(TriNOxtBu)·3CHCl3, exhibited %Vbur values
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that were significantly higher than these ranges, but this was attributed to the lack of an
axial THF ligand in these structures, rather than an effect caused by TriNOxR substitution.
The %Vbur values for [Nd(TriNOxR)]2 dimers support this conclusion, as the Nd(TriNOxtBu)]2
value fell within the 0.8% range for these structures (%Vbur = 76.4-77.2%). A plot of the
Hammett parameters for the TriNOxR derivatives against the percent buried volume of the
resulting complexes showed no appreciable correlation (Figure 5.2.1).
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82
81.5
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Figure 5.2.1. Comparison of the percent buried volume (%Vbur) of Nd(TriNOxR)(THF)
complexes against the Hammett parameter (σm or σp) of R. (R = 5-OMe, 4-tBu, 5-Ph, H,
4-CF3).
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Scheme 5.2.2. Dimerization equilibrium of RE(TriNOx R) complexes.
To determine the basis of TriNOxR separations, the dimerization equilibrium
constant, Kdimer, was evaluated for [Nd(TriNOxR)]2 species (Scheme 5.2.2). This value was
previously used by our group to describe the degree to which early RE(TriNOx)(THF)
complexes self-associate in solution, thus quantifying the equilibrium between the
monomeric and dimeric species.36-37 To determine the value of the self-association
equilibrium constant (Kdimer) for Nd(TriNOxR)(THF) complexes, C6D6 solutions of
[Nd(TriNOxR)]2 were titrated with THF in the presence of a ferrocene internal standard and
relative concentrations of all species were measured using 1H NMR spectroscopy (Table
2). The self-association constant for Nd(TriNOxPh)(THF) was determined as Kdimer = 1.3 ±
0.4, indicating that dimerization was less favorable for the phenyl derivative than for
Nd(TriNOxOMe)(THF) (Kdimer = 11.7 ± 0.5), and on the same order of magnitude as that for
the parent complex Nd(TriNOx)(THF) (Kdimer = 2.4 ± 0.2).
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Table 5.2.2. Dimerization equilibrium constants (Kdimer) and solubility of
Nd/Dy(TriNOxR)(THF) complexes.
Compounds

Kdimer

Solubility in C6D6

Nd(TriNOxOMe)(THF)38

11.7 ± 0.5

120 mmol/L

Nd(TriNOxtBu)(THF)

-

3.2 mmol/L

Nd(TriNOxPh)(THF)

1.3 ± 0.4

12.7 mmol/L

Nd(TriNOx)(THF)36

2.4 ± 0.2

60 mmol/L

Nd(TriNOxCF3)(THF)

-

6.1 mmol/L

Dy(TriNOxOMe)(THF)38

-

1.7 mmol/L

Dy(TriNOxtBu)(THF)

-

0.7 mmol/L

Dy(TriNOxPh)(THF)

-

0.4 mmol/L

Dy(TriNOx)(THF)36

-

1.2 mmol/L

Dy(TriNOxCF3)(THF)

-

4.1 mmol/L

The self-association equilibrium constant could not be determined for
Nd(TriNOxtBu)(THF) due to the insolubility of [Nd(TriNOxtBu)]2 in C6D6. However, upon
observation of the insolubility of this species in solvents like benzene and toluene, we
hypothesized that its insolubility impacted the separations results reported in Table 2. Xray quality crystals of this species were grown from homogeneous DME solutions,
confirming that [Nd(TriNOxtBu)]2 is soluble in DME. However, these crystals were not
soluble in benzene-d6 or toluene-d8, and when the 1H NMR spectrum of the crystals was
taken in CD2Cl2, the C3-symmetric spectrum of Nd(TriNOxtBu) monomer was observed
(Figure 5.2.2). From these observations, we concluded that the TriNOxtBu separations
were undermined in all solvents except DME due to the insolubility of the [Nd(TriNOxtBu)]2
species in these solvents.
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Figure 5.2.2. 1H NMR spectrum of [Nd(TriNOxtBu)]2 in CD2Cl2. No evidence of a dimeric
species was observed.
The self-association equilibrium constant could also not be evaluated for
Nd(TriNOxCF3)(THF), as no evidence of dimerization was found for this species. After
stirring a portion of Nd(TriNOxCF3)(THF) in toluene and removal of volatiles, the 1H NMR
spectrum in C6D6 revealed only C3-symmetric signals corresponding to the monomeric
complex, indicating a lack of dimerization in solution. To confirm that dimerization did not
occur in solvents of low polarity, a 1H NMR spectrum of Nd(TriNOxCF3)(THF) was taken in
cyclohexane-d12 in which no evidence for dimerization was observed (Figure 5.2.3). We
hypothesized that addition of the electron-withdrawing CF3 group to the aryl backbone of
H3TriNOx resulted in the formation of relatively electron-deficient hydroxylamine arms that,
upon coordination to a rare earth cation, self-association (dimerization) of these
complexes was no longer favorable.
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Figure 5.2.3. 1H NMR spectrum of Nd(TriNOxCF3)(THF) in cyclohexane-d12. No evidence
of a dimeric species was observed.
The RE(TriNOxR) complexes exhibited a variety of solubility properties in organic
solvents that were notably different from the parent system. RE(TriNOx tBu) and
RE(TriNOxPh) complexes seemed overall less soluble than previous examples, while
RE(TriNOxCF3) complexes appeared more soluble than both the parent and
RE(TriNOxOMe) complexes. The solubility of RE(TriNOxR) complexes was quantified in
C6D6 by 1H NMR spectroscopy by integration of saturated solutions against a ferrocene
internal standard (Table 5.2.2).
We observed a lower solubility of Nd(TriNOxPh)(THF) in C6D6 (12.7 mmol/L) than
the parent and methoxy complexes (60, 120 mmol/L, respectively), consistent with the
lower Kdimer observed for this complex. The poor solubility of [Nd(TriNOxtBu)]2 was also
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apparent, as Nd(TriNOxtBu)(THF) exhibited a lower solubility than any other neodymium
complex in C6D6. The solubilities of Nd(TriNOxCF3)(THF) and Dy(TriNOxCF3)(THF) were
similar to one another (6.1 mmol/L and 4.1 mmol/L, respectively), providing further
evidence for a lack of dimerization of Nd(TriNOx CF3)(THF) in organic solvents.
Distinct solubility properties for each of the RE(TriNOxR) derivatives warranted a
screening of several different solvent conditions to determine the corresponding
separation factors each H3TriNOxR derivative. Consequently, a separations procedure
was developed for each TriNOxR derivative, in which byproducts were removed from the
rare earth-containing mixture prior to the separation step (See Scheme 5.2.3 for
separations procedures).

Scheme

5.2.3.

Standardized

separations

procedures

for

RE(TriNOx tBu),

RE(TriNOxPh) and RE(TriNOxCF3) (RE = Nd, Dy) mixtures.
For

each

TriNOxR

derivative,

a

homogeneous

50:50

mixture

of

Nd/Dy(TriNOxR)(THF) was prepared by addition of a THF solution of the corresponding
H3TriNOxR ligand to a 1:1 mixture of Nd[N(SiMe 3)2]3 and Dy[N(SiMe3)2]3 in THF. After
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stirring for 2 h, volatiles were removed from the reaction mixture under reduced pressure
to yield a brown oil in all cases. To remove the liquid byproduct, hexamethyldisilazane
(HMDS), from the reaction mixture, the brown, oily sample was triturated in antisolvent for
5 min and filtered over a fine frit, followed by drying for 1 h. For the Nd/Dy(TriNOxtBu)
mixture, the sample was triturated in acetonitrile, while for Nd/Dy(TriNOx Ph) mixtures, the
sample was triturated in pentane, as these solvents were found to dissolve insignificant
amounts of the RE(TriNOxR) species. For Nd/Dy(TriNOxCF3) mixtures, this trituration step
was not performed, as an appropriate antisolvent that did not dissolve any RE(TriNOx CF3)
species was not identified.
The isolated mixture was then stirred in the separations medium (solvent =
benzene, toluene, tetrahydrofuran (THF), dimethoxyethane (DME), diethyl ether (Et2O),
or hexanes) for 30 min, followed by filtration over a fine glass frit. Upon filtration, both the
filtrate portion (enriched in neodymium) and the solid portion (enriched in dysprosium)
were dried under reduced pressure and collected for analysis. For each separation, the
molar ratio of Nd- and Dy-containing species in the filtrate (nNd/nDy) and solid (nDy/nNd)
portions was determined by inductively coupled plasma optical emission spectroscopy
(ICP-OES) to evaluate the enrichment factor (Dfiltrate and Dsolid, respectively). The
enrichment factors were then used to calculate the separation factor, SNd/Dy, according to
the equation SNd/Dy = Dsolid × Dfiltrate. Separation experiments were performed in triplicate,
and the results were recorded in Table 5.2.3.
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Table 5.2.3. Enrichment (D) and Separation Factors (S) for Nd/Dy(TriNOxtBu),
Nd/Dy(TriNOxPh), and Nd/Dy(TriNOxCF3) mixtures in various solvents by ICP-OES. All
experiments were performed in triplicate and values reported with the standard error of
the mean.
ICP-OES Results
Ligand

Solvent

TriNOx OMe
TriNOx OMe
TriNOx OMe
TriNOx OMe

D Filtrate

DSolid

SNd/Dy

Benzene
Toluene
THF
DME

9.8 ± 0.4
12 ± 2
3.5 ± 0.2

299 ± 35
254 ± 10
41 ± 4

TriNOx OMe
TriNOx OMe
TriNOxtBu

Et2O
Hexanes
Benzene

7.2 ± 0.3
12 ± 3

29 ± 3
22 ± 4
11.6 ±
0.5
1.2 ± 0.1
2.5 ± 0.8

TriNOxtBu

Toluene

10 ± 2

2.0 ± 0.4

22 ± 7

TriNOxtBu
TriNOxtBu

THF
DME

1.9 ± 0.3
19 ± 3

7.8 ± 0.4
3.9 ± 0.2

15 ± 2
73 ± 5

TriNOxtBu
TriNOxtBu
TriNOxPh

Et2O
Hexanes
Benzene

18 ± 4
12 ± 5
2.1 ± 0.1

2.6 ± 0.2
1.6 ± 0.2
5.3 ± 0.2

TriNOxPh

Toluene

2.2 ± 0.1

5.3 ± 0.1

TriNOxPh

THF

1.0 ± 0.1

1.5 ± 0.1

44 ± 7
19 ± 6
10.9 ±
0.7
11.8 ±
0.3
1.5 ± 0.1

TriNOxPh

DME

2.0 ± 0.1

5.2 ± 0.6

11 ± 1

TriNOxPh
TriNOxPh
TriNOx
TriNOx

Et2O
Hexanes
Benzene
Toluene

2.9 ± 0.1
1.4 ± 0.1
18 ± 2
1.9 ± 0.1

6.0 ± 0.3
4.4 ± 0.3
303 ± 19
30 ± 2

TriNOx
TriNOx
TriNOx
TriNOx
TriNOxCF3
TriNOxCF3

THF
DME
Et2O
Hexanes
Benzene
Toluene

2.1 ± 0.2
3.9 ± 0.4
17 ± 2
15.4 ±
0.7
1.2 ± 0.2
1.7 ± 0.1

1.6 ± 0.5
6.4 ± 0.2

TriNOxCF3
TriNOxCF3
TriNOxCF3
TriNOxCF3

THF
DME
Et2O
Hexanes

0.9 ± 0.1
2.4 ± 0.2
0.4 ± 0.1

0.8 ± 0.1
6.5 ± 0.4
0.7 ± 0.1

1.9 ± 0.9
11.0 ±
0.3
0.8 ± 0.1
16 ± 3
0.3 ± 0.1

8.4 ± 0.6
31 ± 11

Avg. %
Distribution/Purity
Filtrate
Solid (%
(% Nd)
Dy)
90.9 ± 0.3
96.7 ± 0.3
93.3 ± 0.1
94.8 ± 0.3
77.9 ± 0.9
92.0 ± 0.3
87.8 ± 0.5
91.5 ±
0.2%
90.1 ±
0.3%
65 ± 4%
94.8 ±
0.5%
94 ± 1%
91 ± 3%
67.4 ±
0.4%
68.9 ±
0.7%
49.0 ±
0.2%
66.8 ±
0.3%
67 ± 2%
80 ± 2%
94.3 ± 0.5
93.9 ± 0.3
53 ± 5%
63.0 ±
0.2%
49 ± 1%
71 ± 2%
29.0 ±
0.8%

% Recovery
% Nd
Rec.
84 ± 7
79 ± 3
71 ± 2

% Dy
Rec.
66 ± 4
63 ± 5
54 ± 2

54 ± 2
69 ± 6%

17 ± 1
41 ± 9%

72 ± 2
64 ± 5%

66 ± 4%

25 ± 1%

70 ± 3%

88.6 ± 0.6%
79.7 ± 0.7%

46 ± 7%
56 ± 1%

34 ± 2%
61 ± 7%

72 ± 1%
61 ± 2%
84.0 ± 0.6%

32 ± 2%
18 ± 1%
46 ± 2%

66 ± 3%
75 ± 2%
39 ± 3%

84.2 ± 0.2%

48 ± 2%

57 ± 4%

60 ± 1%

74 ± 9%

3 ± 1%

84 ± 1%

47 ± 1%

52 ± 1%

74.5 ± 0.5%
59 ± 1%
94.7 ± 0.5
66.0 ± 0.8

36 ± 5%
10 ± 2%
77 ± 2
50 ± 2

60 ± 1%
56 ± 1%
48 ± 2
51 ± 1

59 ± 9%
86.5 ± 0.4%

70 ± 7%
67± 7%

7 ± 2%
30 ± 4%

45 ± 2%
86.6 ± 0.7%
40± 1%

83 ± 3%
66 ± 8%
16 ± 1%

1 ± 0.5%
35 ± 1%
29 ± 5%
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Separations results were largely consistent with the observations made about the
overall solubility and dimerization constants of RE(TriNOx R) complexes. The
RE(TriNOxtBu) separations exhibited filtrate portions with a high % purity for neodymium,
but low % recovery, while also exhibiting lower % purity solid portions with high Dy %
recoveries. These results are indicative of a separations procedure in which the rare earth
complexes are less soluble in organic solvents. The best RE(TriNOx tBu) separations
efficiencies were recorded in DME, which were consistent with previous observations that
the [Nd(TriNOxtBu)]2 dimer species was primarily soluble in DME, among organic solvents.
A majority of the sample remained in the solid portion, resulting in a solid portion with a
lower % purity. However, due to the insolubility of Dy(TriNOxtBu)(THF), the filtrate portion
exhibited high purity, but the % recovery of Nd(TriNOxtBu) was low.
The RE(TriNOxPh) separations system showed middling separations results, with
a maximum separation factor of SNd/Dy = 11-12. These values were consistent with the
small dimerization constant and limited solubilities for Nd/Dy(TriNOx Ph)(THF) complexes.
While the percent recovery values for these separations were consistent for all separation
conditions, there were no portions that exhibited >90% purity in the enriched rare earth
cation. The TriNOxPh system is an interesting comparison to the parent system, as the
ligands had similar Hammett parameters, but the RE(TriNOxR) complexes had vastly
different solubility complexes. Clearly, the inherent solubilities of the rare earth complexes
had a larger impact on the separation efficiencies than the Hammett parameters of the
ligand derivatives.
The results for the TriNOxCF3 system were reflective of a procedure in which the
rare earth complexes exhibit high solubility in organic solvents. In these separations, a
majority of the sample dissolved into solution, resulting in a filtrate portion with low % purity
but high % recovery for neodymium. However, as evidenced by the lack of evidence for
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self-association of Nd(TriNOxCF3)(THF) in organic solvents, this separations system relied
upon slight differences in the solubility between two similar monomeric species. As such,
the separation factors achieved with H 3TriNOxCF3 were diminished compared to other
TriNOx derivatives.
Further analysis of the separations performance of the TriNOxR suite of supporting
ligands was needed for a clearer understanding of the relationship between the electronic
properties of the newly-synthesized TriNOxR derivatives and the corresponding separation
results. However, comparison of the bond metrics (%Vbur), solubilities, dimerization
equilibrium constants (Kdimer), enrichment factors (Dsolid, Dfiltrate) and separation factors
(SNd/Dy) in multiple solvents, for TriNOxR species against the corresponding Hammett
parameters (σp/σm) revealed no significant correlation between these properties (Figures
5.4.20 – 5.4.25). Similarly, no relationship was observed for these properties when they
were compared to the anodic peak potential (Epa) of the oxidation feature in the cyclic
voltammograms of H3TriNOxR (R = 5-OMe, 4-tBu, 5-Ph, H, 4-CF3) compounds (Figures
5.4.26 – 5.4.31). Clearly, no significant trend was observed when Hammett parameters or
anodic peak potentials of ligand oxidation were used because these parameters did not
accurately represent the electronics of TriNOxR when the ligand was coordinated to a rare
earth cation. Previous reports by our group demonstrated that addition of substituents to
the aryl backbone of a pyridyl-nitroxide was accompanied by ligand reorganization about
the nitroxide nitrogen atom, a phenomenon which may lead to dampening of the effect of
the Hammett parameter on tripodal hydroxylamines.48 Additionally, the anodic peak
potentials in Figures 4.4.27 – 4.4.30 were reported for the protonated, hydroxylamine
proligands and thus do not accurately describe the redox potentials of the anionic
hydroxylaminato species involved in RE(TriNOxR) coordination.
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The cyclic voltammograms of monomeric Dy(TriNOxR)(THF) (R = 5-OMe, 4-tBu, 5Ph, H, 4-CF3) complexes each featured a ligand oxidation event that provided a useful
metric with which the electronics of the TriNOxR supporting ligand within the monomeric
RE(TriNOxR) framework could be measured (Figures 5.4.16 – 5.4.19). The anodic peak
potential (Epa) of this event was compared for Dy(TriNOxR) against the bond metrics
(%Vbur), solubilities, dimerization equilibrium constants (Kdimer), enrichment factors (Dsolid,
Dfiltrate) and separation factors (SNd/Dy) in benzene for each of the TriNOxR systems (Figures
5.4.32 – 5.4.37). The most significant of these relationships was recorded in Figure 5.2.4,
in which the comparison of the -Epa of Dy(TriNOxR) complexes and the separation factor
(SNd/Dy) for TriNOxR supporting ligands in benzene is depicted.

350
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SNd/Dy

250
200
150

100
50
0
-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

-Epa of Dy(TriNOxR) (V vs. Fc/Fc+)

Figure 5.2.4. Comparison of the negative of the anodic peak potential (-Epa) of
Dy(TriNOxR) complexes vs. the Nd/Dy separation factor in benzene (SNd/Dy) for TriNOxR
supporting ligands (R = 5-OMe, 4-tBu, 5-Ph, H, 4-CF3).
The relationship between the separations performance of TriNOxR in benzene and
the anodic peak potential of Dy(TriNOx R) complexes indicated that more electron-rich
supporting ligands induced better separations in benzene. This suggested that higher
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dimerization equilibrium constants were indicative of more soluble Nd(TriNOxR) species in
solution, leading to a more efficient RE(TriNOxR) separations system. These findings
supported our conclusion that the self-association equilibrium constants, along with the
inherent solubility of RE(TriNOx R) complexes, determine the efficiency of TriNOxR
derivative separations systems.
For each TriNOxR system, one set of conditions was chosen for optimization
attempts, to be implemented for Nd/Dy and Eu/Y mixtures. For TriNOxtBu, a larger volume
of dimethoxyethane was used (15 mL instead of 4 mL), in an attempt to solubilize more
neodymium species to increase the low solid enrichment factor in this solvent (Dsolid = 3.9
± 0.2). For TriNOxPh, a smaller volume of toluene (2 mL instead of 4 mL) was used, in an
attempt to limit the amount of dysprosium in the filtrate portion, to raise the filtrate
enrichment factor for this solvent (Dfiltrate = 2.2 ± 0.1). Meanwhile, for TriNOxCF3, a smaller
volume of diethyl ether was used (2 mL instead of 4 mL), in an attempt to limit the amount
of dysprosium in the filtrate portion while maintaining a high solid enrichment factor (Dfiltrate
= 2.4 ± 0.2). The described optimized conditions were conducted on Nd/Dy mixtures to
demonstrate the tunability of the TriNOxR separations systems, and on Eu/Y mixtures that
are relevant to industrially-relevant devices. The separations for both rare earth
combinations were performed in triplicate and the results were recorded in Table 5.2.4.
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Table 5.2.4. Enrichment (D) and Separation Factors (S) for optimized separations
conditions for Nd/Dy and Eu/Y(TriNOx R) mixtures in various solvents by ICP-OES. All
experiments were performed in triplicate and values reported with the standard error of
the mean.
ICP-OES Results

Avg. % Distribution/Purity

% Recovery

Ligand

RE
Mixt.

D Filtrate

DSolid

S

Filtrate
(% Nd/Eu)

Solid
(% Dy/Y)

% Nd/Eu
Rec.

TriNOx

Nd/Dy38

17 ± 2

18 ± 2

303 ±
19

94.3 ± 0.5%

94.7 ± 0.5%

77 ± 2%

4 mL
Benzene

Eu/Y37

22.0

1.78

39.2

96%

64%

35%

TriNOx OMe

Nd/Dy38

12 ± 2

22 ± 4

93.3 ± 0.1%

94.8 ± 0.3%

79 ± 3%

Eu/Y

4.0 ± 0.2

1.4 ± 0.1

80 ± 4%

58 ± 2%

51 ± 2%

Nd/Dy

16 ± 1

4.2 ± 0.4

94.1 ± 0.3%

81 ± 2%

54 ± 2%

Eu/Y

4.1 ± 0.7

1.1 ± 0.1

80 ± 3%

53 ± 1%

17 ± 1%

Nd/Dy

2.4 ± 0.1

4.7 ± 0.7

70.4 ± 0.6%

82 ± 2%

46 ± 2%

2 mL Tol.

Eu/Y

1.7 ± 0.5

0.5 ± 0.2

59 ± 10%

33 ± 9%

13 ± 3%

TriNOx CF3

Nd/Dy

2.1 ± 0.1

4±1

67 ± 2%

78 ± 5%

49 ± 9%

2 mL Et2O

Eu/Y

2.4 ± 0.1

1.8 ± 0.1

70.6 ± 0.9%

64.1 ± 0.8%

74 ± 1%

4 mL
Toluene
TriNOx tBu
15 mL
DME
TriNOx Ph

254 ±
10
5.5 ±
0.3
66 ± 2
4.5 ±
0.7
11 ± 2
0.7 ±
0.1
8±3
4.3 ±
0.3

% Dy/Y
Rec.
48 ± 2%
85%
63 ± 5%
68 ± 4%
63 ± 6%
48 ± 6%
48 ± 2%
20 ± 8%
30 ± 8%
32 ± 1%

Attempts to optimize RE(TriNOx R) separation solvent conditions were met with
limited success, as recorded in Table 5.2.4. For the TriNOxtBu optimization, though a larger
volume of solvent was used, there was no noticeable increase in % recovery for either
species, but there was also similar values for the % purities. Similarly, for TriNOxPh
optimization, similar values of % purity and % recovery were reported for both sets of
conditions. For TriNOxCF3, a slight decrease in the % purity of the solid portion was
observed, indicating that the reduced volume of diethyl ether was not sufficient to dissolve
neodymium-containing species. Overall, optimization of conditions did not lead to a more
complete separation efficiency, resulting in similar % purity and % recovery values for both
portions.
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5.3 Conclusions
We have demonstrated that substitution of aryl backbone of H3TriNOx leads to
RE(TriNOxR) complexes with varying solubility and dimerization properties. The basis for
the separation results was investigated through several spectroscopic handles (1H NMR,
solubility, dimerization equilibria, cyclic voltammetry, etc.). We demonstrated that different
RE(TriNOxR) complexes exhibit different solubility properties in organic solvents, leading
to a suite of separation systems with a range of solid and filtrate enrichment factors for the
same Nd/Dy mixtures. We also demonstrated that the use of electron-rich supporting
ligands led to improved separations factors, supporting the importance of the dimerization
equilibrium constant (Kdimer) to the RE(TriNOxR) separations systems. We have observed
that the determining factors for RE(TriNOxR) separations are two-fold: the dimerization
equilibrium constant increases the separations efficiency by promoting the formation of a
soluble dimeric species, while the inherent solubility properties of the monomeric and
dimeric RE(TriNOxR) compounds impact the separations performance.
5.4 Experimental Section
General Methods
Unless otherwise noted, all reactions and manipulations were performed under an
inert atmosphere (N2) using standard Schlenk techniques or in a Vacuum Atmospheres,
Inc. Nexus II drybox equipped with equipped with a molecular sieves 13X/Q5 Cu-0226S
catalyst purifier system. Glassware was oven-dried for at least three hours at 150 °C prior
to use. 1H NMR spectra were obtained on a Bruker DMX-300 Fourier transform NMR
spectrometer while operating at a 1H frequency of 300 MHz.
obtained on a UNI 400 instrument while operating at a

13

C{1H}s NMR spectra were

13

C frequency of 100.61 MHz.

Chemical shifts were recorded in units of parts per million and referenced against residual
proteo solvent peaks for 1H NMR and characteristic solvent peaks for 13C NMR. Elemental

153

analyses were performed on a Costech ECS 4010 Analyzer. Inductively Coupled Plasma
– Optical Emission Spectroscopy (ICP-OES) analysis was performed at the University of
Pennsylvania Earth & Environmental Science Dept. on a Spectro Genesis ICP-OES
Spectrometer.
Materials
Tetrahydrofuran,

diethyl

ether,

dimethoxyethane,

benzene,

toluene,

dichloromethane, hexanes, pentane, and acetonitrile were purchased from Fisher
Scientific. All solvents were sparged with dry argon for 30 minutes and dried using a
commercial two-column solvent purification system comprising columns packed with Q5
reactant and neutral alumina, respectively (benzene, toluene, DCM, hexanes, pentane,
acetonitrile), or two columns of neutral alumina (THF, Et2O, and DME). CDCl3, C6D6,
pyridine-d5, thf-d8, CD3OD, and acetone-d6 were purchased from Cambridge Isotope
Laboratories, Inc. and stored over 4A molecular sieves prior to use. Potassium
bis(trimethylsilyl)amide, neodymium(III) chloride, europium(III) chloride, dysprosium(III)
chloride, and yttrium(III) chloride were purchased from Sigma Aldrich and used as
received. RE[N(Si(CH3)3)2]3,40 was synthesized according to literature procedures.
Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES)
Inductively coupled plasma optical emission spectroscopy was conducted on a
Spectro Genesis ICP-OES spectrometer (SPECTRO Analytical Instruments GmbH,
Kleve, Germany) equipped with an integrated three channel peristaltic pump and a ASX260 auto-sampler (CETAC Technologies, Omaha, NE, USA). Samples solutions were
delivered to the nebulizer using a Mod Lichte spray chamber and single-use PVC PT2140PF tubing (Precision Glassblowing, Centennial, CO, USA). Each data acquisition was
preceded by a 35 second rinse sequence at different pump speeds. Other relevant
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parameters were previously optimized to give the smallest RSD and are summarized in
Table 5.4.1.
Table 5.4.1. Instrumental and operating conditions for ICP-OES measurements.
Instrument conditions
Forward power (W)
1350
Plasma gas flow rate (L min-1) 13.50
Auxiliary gas flow rate (L min-1) 1.00
Nebulizer flow rate (L min-1)
0.90
Nd 430.358
Eu 381.967
Wavelengths (nm)
Dy 364.540
Y 371.030
Sulfuric acid (Fisher, Certified ACS Plus grade), hydrogen peroxide (Fisher, 30%
solution in water), and distilled-deionized water (Milli-Q, 18.2 MΩ.cm, Millipore) were used
for sample preparation and dilution. Samples were prepared by digestion in a (3:1)
H2SO4:H2O2 mixture at 100 °C for 1 hour, followed by dilution to a concentration of ca.
10% H2SO4 to limit matrix effects. Analytical plasma standard solutions were obtained
from Alfa Aesar (Specpure®, 1000 ppm RE2O3 in 5% HNO3).
Calibrations were performed before each set of measurements using a range of 7
standardized solutions (125–0.025 ppm). Calibration curves were confirmed to have R 2 >
0.999 for the selected elements. Potential instrumental drift was monitored by continuously
measuring Ar lines at 430.010 and 404.442 nm; absence of drift was finally confirmed by
measuring a standardized solution at the end of each measurement session. The following
wavelengths (nm) were used for element quantifications and reviewed for the absence of
interferences: 364.540 (Dy), 430.358 (Nd), 381.967 (Eu), 371.030 (Y) and were consistent
with literature recommendations. The wavelengths selected had the highest signal
intensity, in agreement with the literature,41 and were the most relevant for the studied
range of concentrations.
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Electrochemistry
All experiments were performed under an inert atmosphere (N 2) in a drybox with
electrochemical cells that consisted of a 4 mL vial, glassy carbon disk (3 mm diameter)
working electrode, a platinum-wire counterelectrode, and a silver wire plated with AgCl as
a quasi-reference electrode. The working electrode surface was polished prior to each set
of experiments. Potentials recorded in THF were referenced versus ferrocene, which was
added as an internal standard for calibration at the end of each run. Solutions employed
during CV studies were approximately 3 mM in analyte and 100 mM in [ nPr4N][BArF4]. All
data were collected in a positive-feedback IR compensation mode. The THF solution cell
resistances were measured prior to each run to ensure resistances (≲ 500 Ω).
Synthetic Details
Synthesis of RE(TriNOxR)(THF) complexes

156

Synthesis of Nd(TriNOxtBu)

A THF solution of H3TriNOxtBu (0.100 g, 0.139 mmol, 1 equiv.) was added to a THF solution
of Nd[N(SiMe3)2]3 (0.087 g, 0.139 mmol, 1 equiv.). The reaction mixture was stirred for 2
hours, and volatiles were removed under reduced pressure. Sample was stirred in
acetonitrile and filtered, solid collected and dried under reduced pressure to yield a blue
solid (0.112 g, 93%). Single crystals were grown from a THF solution layered with
hexanes. 1H NMR (ppm, pyridine-d5, 300 MHz): δ = 18.56 (s, 3H), 6.98 (overlapping, 3H),
6.85 (s, 27H), 3.04 (s, 27H), 1.83 (d, J = 8.7 Hz, 3H), -8.13 (s, 3H), 12.46 (s, 3H). Anal.
Calc. for C49H77N4NdO4: C, 63.26; H, 8.34; N, 6.02. Found: C, 63.43; H, 7.93; N, 5.80.
Synthesis of Dy(TriNOxtBu)

A THF solution of H3TriNOxtBu (0.100 g, 0.139 mmol, 1 equiv.) was added to a THF solution
of Dy[N(SiMe3)2]3 (0.090 g, 0.139 mmol, 1 equiv.). The reaction mixture was stirred for 2
hours, filtered, rinsed with THF and dried under reduced pressure, affording a white solid
(0.111 g, 91%). Single crystals were grown from a chloroform solution layered with THF.
H NMR (ppm, pyridine-d5, 300 MHz): δ = 222.81 (s, 3H), 135.43 (s, 27H), 40.52 (s, 27H),

1
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-4.20 (s, 3H), -103.40 (s, 3H), -305.67 (s, 3H), -360.95 (s, 3H). Anal. Calc. for
C45H69DyN4O3·4CHCl3: C, 43.47; H, 5.43; N, 4.14. Found: C, 43.37; H, 5.24; N, 3.93.
Synthesis of [Nd(TriNOxtBu)]2

Dissolved Nd(TriNOxtBu) (0.200 g, 0.233 mmol) in 4 mL DME and removed volatiles under
reduced pressure to yield a blue solid (0.178 g, 89%). Single crystals were grown from a
slow evaporation of toluene solution. Anal. Calc. for C91H140Cl2N8Nd2O6·CHCl3: C, 60.67;
H, 7.83; N, 6.22. Found: C, 60.36; H, 8.13; N, 6.09.
Synthesis of Nd(TriNOxPh)(THF)

A THF solution of H3TriNOxPh (0.100 g, 0.129 mmol, 1 equiv.) was added to a THF solution
of Nd[N(SiMe3)2]3 (0.080 g, 0.129 mmol, 1 equiv.). The reaction mixture was stirred for 2
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hours, and volatiles were removed under reduced pressure. Sample was stirred in
pentane and filtered, solid collected and dried under reduced pressure to yield a blue solid
(0.102 g, 82%). Single crystals were grown from a THF solution layered with hexanes. 1H
NMR (ppm, pyridine-d5, 400 MHz): δ = 17.80 (s, 3H), 10.13 (s, 3H), 7.47 (d, J = 6.7 Hz,
6H), 7.38 (d, J = 11.2 Hz, 3H), 7.34 (q, J = 9.8 Hz, 6H), 6.42 (s, 27H), 2.46 (s, 3H), -7.06
(s, 3H), -11.14 (s, 3H). Anal. Calc. for C55H65N4NdO4: C, 66.70; H, 6.62; N, 5.66. Found:
C, 53.18; H, 6.19; N, 4.44.
Synthesis of Dy(TriNOxPh)(THF)

A THF solution of H3TriNOxtBu (0.100 g, 0.129 mmol, 1 equiv.) was added to a THF solution
of Dy[N(SiMe3)2]3 (0.083 g, 0.129 mmol, 1 equiv.). The reaction mixture was stirred for 2
hours, filtered, rinsed with THF and dried under reduced pressure, affording a white solid
(0.110 g, 85%). Single crystals were grown from a chloroform solution layered with THF.
H NMR (ppm, pyridine-d5, 300 MHz): δ = 360.46 (s, 3H), 215.49 (s, 3H), 133.99 (s, 27H),
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60.44 (s, 3H), -0.78 (s, 3H), -105.71 (s, 3H), -304.89 (s, 3H), -358.82 (s, 3H). Anal. Calc.
for C55H65DyN4O4: C, 65.49; H, 6.50; N, 5.55. Found: C, 65.70; H, 6.46; N, 5.21.
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Synthesis of [Nd(TriNOxPh)]2

Dissolved Nd(TriNOxPh)(THF) (0.200 g, 0.202 mmol) in 4 mL toluene and removed
volatiles under reduced pressure to yield a blue solid (0.167 g, 90%). Single crystals were
grown from a slow evaporation of toluene solution. 1H NMR (ppm, C6D6, 300 MHz): δ =
38.62 (s, 2H), 16.84 (s, 2H), 15.05 (s, 2H), 14.67 (s, 2H), 12.37 (s, 2H), 10.82 (s, 2H), 8.70
(broad, 18H), 8.05 (s, 2H), 7.56 (d, J = 7.5 Hz, 2H), 7.36 (dd, J = 16.1, 7.3 Hz, 4H), 7.06
(d, J = 6.8 Hz, 4H), 6.97 (d, J = 7.8 Hz, 4H), 6.28 (t, J = 7.4 Hz, 4H), 6.09 (t, J = 7.3 Hz,
4H), 4.53 (d, J = 7.3 Hz, 4H), 2.70 (s, 18H), 0.83 (s, 2H), -0.04 (s, overlapping, 2H), -0.16
(s, overlapping, 18H), -0.78 (s, 2H), -5.61 (s, 2H), -12.44 (s, 2H), -13.64 (s, 2H), -14.01 (s,
2H), -16.08 (s, 2H), -21.00 (s, 2H), -24.74 (s, 2H). Anal. Calc. for C102H114N8Nd2O6: C,
66.71; H, 6.26; N, 6.10. Found: C, 60.36; H, 8.13; N, 6.09.
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Synthesis of Nd(TriNOxCF3)(THF)

A THF solution of H3TriNOxCF3 (0.100 g, 0.133 mmol, 1 equiv.) was added to a THF
solution of Nd[N(SiMe3)2]3 (0.083 g, 0.133 mmol, 1 equiv.). The reaction mixture was
stirred for 2 hours, and volatiles were removed under reduced pressure. Sample was
stirred in benzene and filtered, solid collected and dried under reduced pressure to yield
a blue solid (0.108 g, 84%). Single crystals were grown from a THF solution layered with
hexanes. 1H NMR (ppm, pyridine-d5, 400 MHz): δ = 19.26 (s, 3H), 7.30 (d, J = 6.3 Hz, 3H),
6.98 (s, 27H), 1.85 (d, J = 7.0 Hz, 3H), -8.44 (s, 3H), -12.98 (s, 3H). 19F NMR (ppm,
pyridine-d5, 400 MHz): δ = -60.2. Anal. Calc. for C40H50F9N4NdO4: C, 49.73; H, 5.22; N,
5.80. Found: C, 63.43; H, 7.93; N, 5.80.
Synthesis of Dy(TriNOxCF3)(THF)

A THF solution of H3TriNOxCF3 (0.100 g, 0.133 mmol, 1 equiv.) was added to a THF
solution of Dy[N(SiMe3)2]3 (0.086 g, 0.133 mmol, 1 equiv.). The reaction mixture was
stirred for 2 hours, filtered, rinsed with THF and dried under reduced pressure, affording
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a white solid (0.114 g, 87%). Single crystals were grown from a chloroform solution layered
with THF. 1H NMR (ppm, pyridine-d5, 300 MHz): δ = 347.38 (s, 3H), 236.30 (s, 3H), 143.93
(s, 27H), -4.58 (s, 3H), -110.95 (s, 3H), -319.17 (s, 3H).
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F NMR (ppm, pyridine-d5, 400

MHz): δ = -17.4. Anal. Calc. for C40H50DyF9N4O4: C, 48.81; H, 5.12; N, 5.69. Found: C,
43.37; H, 5.24; N, 3.93.

Figure 5.4.1. 1H NMR spectrum of Nd(TriNOxtBu) in pyridine-d5.
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Figure 5.4.2. 1H NMR spectrum of Dy(TriNOxtBu) in pyridine-d5.

Figure 5.4.3. 1H NMR spectrum of Nd(TriNOxPh)(THF) in pyridine-d5.
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Figure 5.4.4. 1H NMR spectrum of Dy(TriNOxPh)(THF) in pyridine-d5.

Figure 5.4.5. 1H NMR spectrum of [Nd(TriNOxPh)]2 in C6D6.
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Figure 5.4.6. 1H NMR spectrum of Nd(TriNOxCF3)(THF) in pyridine-d5.

Figure 5.4.7. 19F NMR spectrum of Nd(TriNOxCF3)(THF) in pyridine-d5.
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Figure 5.4.8. 1H NMR spectrum of Dy(TriNOxCF3)(THF) in pyridine-d5.
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Figure 5.4.9. 19F NMR spectrum of Dy(TriNOxCF3)(THF) in pyridine-d5.
X-Ray Crystallography
X-ray intensity data for [Nd(TriNOx)tBu)]2, Nd(TriNOxPh)(THF), and Nd(TriNOxCF3)(THF)
were collected on a Bruker D8QUEST42 CMOS area detector employing graphitemonochromated Mo-Kα radiation (λ = 0.71073 Å) at 100(1) K. X-ray intensity data for
Nd(TriNOxtBu), Dy(TriNOxtBu), and Dy(TriNOxCF3)(THF), were collected on a Bruker
APEXII43 CCD area detector employing graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å) at 100(1) K. In all cases, rotation frames were integrated using SAINT, 44
producing a listing of unaveraged F2 and σ(F2) values. The intensity data were corrected
for Lorentz and polarization effects and for absorption using SADABS. 45 Nd(TriNOxtBu),
[Nd(TriNOx)tBu)]2, Nd(TriNOxPh)(THF), and Nd(TriNOxCF3)(THF) were solved by direct
methods using SHELXT.46 Dy(TriNOxtBu) and Dy(TriNOxCF3)(THF) were solved by direct
methods using SHELXS.47 Refinement was by full-matrix least squares based on F2 using
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SHELXL-2016-2018.48 All reflections were used during refinements. Non-hydrogen atoms
were refined anisotropically.
Crystallographic data and structure refinement information for Nd(TriNOxtBu),
Dy(TriNOxtBu),

[Nd(TriNOxtBu)]2,

Nd(TriNOxPh)(THF),

Nd(TriNOxCF3)(THF),

and

Dy(TriNOxCF3)(THF) are summarized in Tables 5.4.2-5.4.7.

Figure 5.4.10. Thermal ellipsoid plot of Nd(TriNOxtBu) at the 30% probability level.
Hydroxylamine tBu groups depicted in wireframe and hydrogen atoms omitted for clarity.

Figure 5.4.11. Thermal ellipsoid plot of Dy(TriNOxtBu) at the 30% probability level.
Hydroxylamine tBu groups depicted in wireframe and hydrogen atoms omitted for clarity.
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Figure 5.4.12. Thermal ellipsoid plot of [Nd(TriNOxtBu)]2 at the 30% probability level.
Hydroxylamine tBu groups depicted in wireframe and interstitial DCM and hydrogen atoms
omitted for clarity.
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Figure 5.4.13. Thermal ellipsoid plot of Nd(TriNOxPh)(THF) at the 30% probability level.
t

Bu groups depicted in wireframe and hydrogen atoms omitted for clarity.

Figure 5.4.14. Thermal ellipsoid plot of Nd(TriNOxCF3)(THF) at the 30% probability level.
t

Bu groups depicted in wireframe and hydrogen atoms omitted for clarity.
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Figure 5.4.15. Thermal ellipsoid plot of Dy(TriNOxCF3)(THF) at the 30% probability level.
t

Bu groups depicted in wireframe and hydrogen atoms omitted for clarity.
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Table 5.4.2. Crystallographic parameters for Nd(TriNOxtBu).
Nd(TriNOxtBu) (Penn40231)
Empirical formula

C45H69N4NdO3

Formula weight

858.28

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

orthorhombic

Space group

Pnma

Cell constants:
a (Å)

37.0046(14)

b (Å)

16.8140(7)

c (Å)

7.1014(3)

3

V (Å )

4418.5(3)

Z

4

Densitycalc

1.290 g/cm3

μ (absorption coefficient)

1.216 mm-1

F(000)

1804.0

Crystal size (mm)

0.44 × 0.16 × 0.13

Theta range for data collection

2.423 – 27.502°

Index ranges

-48 ≤ h ≤ 48, -21 ≤ k ≤ 21, -9 ≤ l ≤ 9

Reflections collected

70856

Independent reflections

5247 [R(int) = 0.0296]

Completeness to theta

99.9%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.7456 and 0.6554

Data / restraints / parameters

5247 / 588 / 376

Goodness-of-fit on F

2

1.326

Final R indexes [I>=2σ (I)]

R1 = 0.0819, wR2 = 0.1888

Final R indexes [all data]

R1 = 0.0834, wR2 = 0.1896

Largest diff. peak / hole

2.45 / -3.40 eÅ-3
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Table 5.4.3. Crystallographic parameters for Dy(TriNOxtBu)·4CHCl3.
Dy(TriNOxtBu)·4CHCl3 (Penn40185)
Empirical formula

C49H73Cl12DyN4O3

Formula weight

1354.01

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

monoclinic

Space group

P21/c

Cell constants:
a (Å)

11.4186(4)

b (Å)

19.3718(8)

c (Å)

28.1210(10)

β (°)

94.830(2)

V (Å3)

6198.2(4)

Z

4

Densitycalc

1.451 g/cm3

μ (absorption coefficient)

1.763 mm-1

F(000)

2756.0

Crystal size (mm)

0.28 × 0.08 × 0.05

Theta range for data collection

1.278 – 27.523°

Index ranges

-14 ≤ h ≤ 14, -25 ≤ k ≤ 25, -36 ≤ l ≤ 36

Reflections collected

153245

Independent reflections

14123 [R(int) = 0.1679]

Completeness to theta

99.7%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.7456 and 0.6410

Data / restraints / parameters

14123 / 305 / 790

Goodness-of-fit on F

2

1.018

Final R indexes [I>=2σ (I)]

R1 = 0.0665, wR2 = 0.1433

Final R indexes [all data]

R1 = 0.1313, wR2 = 0.1697

Largest diff. peak / hole

2.05 / -1.47 eÅ-3
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Table 5.4.4. Crystallographic parameters for [Nd(TriNOxtBu)]2.
[Nd(TriNOxtBu)]2 (Penn40130)
Empirical formula

C91H140Cl2N8Nd2O6

Formula weight

1801.48

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

triclinic

Space group

_
P1

Cell constants:
a (Å)

15.1068(14)

b (Å)

15.5306(14)

c (Å)

23.406(2)

α (°)

81.311(3)

β (°)

86.361(3)

γ (°)

61.117(3)

3

V (Å )

4752.9(7)

Z

2

Densitycalc

1.259 g/cm3

μ (absorption coefficient)

1.188 mm-1

F(000)

1888.0

Crystal size (mm)

0.12 × 0.08 × 0.08

Theta range for data collection

2.896 – 27.587°

Index ranges

-19 ≤ h ≤ 19, -20 ≤ k ≤ 20, -30 ≤ l ≤ 30

Reflections collected

171526

Independent reflections

21864 [R(int) = 0.0957]

Completeness to theta

99.8%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.7456 and 0.7039

Data / restraints / parameters

21864 / 57 / 1049

Goodness-of-fit on F

2

1.036

Final R indexes [I>=2σ (I)]

R1 = 0.0520, wR2 = 0.0922

Final R indexes [all data]

R1 = 0.0799, wR2 = 0.1013

Largest diff. peak / hole

1.59 / -1.81 eÅ-3
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Table 5.4.5. Crystallographic parameters for Nd(TriNOx Ph)(THF).
Nd(TriNOxPh)(THF) (Penn40306)
Empirical formula

C63.25H82N4NdO5.75

Formula weight

1134.56

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

triclinic

Space group

_
P1

Cell constants:
a (Å)

9.8699(8)

b (Å)

14.7597(12)

c (Å)

22.1202(18)

α (°)

103.709(3)

β (°)

100.401(3)

γ (°)

105.739(3)

3

V (Å )

2908.1(4)

Z

2

Densitycalc

1.296 g/cm3

μ (absorption coefficient)

0.945 mm-1

F(000)

1191.0

Crystal size (mm)

0.15 × 0.11 × 0.09

Theta range for data collection

2.875 – 27.547°

Index ranges

-12 ≤ h ≤ 12, -19 ≤ k ≤ 19, -28 ≤ l ≤ 28

Reflections collected

85313

Independent reflections

13377 [R(int) = 0.0505]

Completeness to theta

99.8%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.7456 and 0.6854

Data / restraints / parameters

13377 / 444 / 757

Goodness-of-fit on F

2

1.117

Final R indexes [I>=2σ (I)]

R1 = 0.0355, wR2 = 0.0840

Final R indexes [all data]

R1 = 0.0436, wR2 = 0.0914

Largest diff. peak / hole

1.06 / -0.83 eÅ-3
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Table 5.4.6. Crystallographic parameters for Nd(TriNOxCF3)(THF).
Nd(TriNOxCF3)(THF) (Penn40307)
Empirical formula

C40H50F9N4NdO4

Formula weight

966.08

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

trigonal

Space group

P31c

Cell constants:
a (Å)

14.5759(13)

c (Å)

12.1484(11)

3

V (Å )

2235.2(4)

Z

2

Densitycalc

1.435 g/cm3

μ (absorption coefficient)

1.240 mm-1

F(000)

982.0

Crystal size (mm)

0.33 × 0.11 × 0.04

Theta range for data collection

3.228 – 27.549°

Index ranges

-18 ≤ h ≤ 18, -18 ≤ k ≤ 18, -15 ≤ l ≤ 15

Reflections collected

52476

Independent reflections

3442 [R(int) = 0.0509]

Completeness to theta

99.8%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.7456 and 0.6456

Data / restraints / parameters

3442 / 656 / 411

Goodness-of-fit on F

2

1.165

Final R indexes [I>=2σ (I)]

R1 = 0.0281, wR2 = 0.0823

Final R indexes [all data]

R1 = 0.0315, wR2 = 0.0842

Largest diff. peak / hole

0.97 / -0.53 eÅ-3

Flack parameter

-0.008(7)
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Table 5.4.7. Crystallographic parameters for Dy(TriNOxCF3)(THF).
Dy(TriNOxCF3)(THF) (Penn40299)
Empirical formula

C40H50DyF9N4O4

Formula weight

984.34

Temperature (K)

100(1)

Wavelength (Å)

0.71073

Crystal system

trigonal

Space group

P31c

Cell constants:
a (Å)

14.5635(17)

c (Å)

12.1646(14)

3

V (Å )

2234.4(6)

Z

2

Densitycalc

1.463 g/cm3

μ (absorption coefficient)

1.751 mm-1

F(000)

994.0

Crystal size (mm)

0.22 × 0.05 × 0.04

Theta range for data collection

1.615 – 27.472°

Index ranges

-16 ≤ h ≤ 18, -18 ≤ k ≤ 17, -15 ≤ l ≤ 15

Reflections collected

31129

Independent reflections

3418 [R(int) = 0.0430]

Completeness to theta

100.0%

Absorption correction

Semi-empirical from equivalents

Max and min. transmission

0.7456 and 0.6416

Data / restraints / parameters

3418 / 152 / 188

Goodness-of-fit on F

2

1.149

Final R indexes [I>=2σ (I)]

R1 = 0.0424, wR2 = 0.1177

Final R indexes [all data]

R1 = 0.0482, wR2 = 0.1214

Largest diff. peak / hole

1.25 / -0.80 eÅ-3

Flack parameter

0.243(6)
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Electrochemistry

Figure 5.4.16. Cyclic voltammogram of Dy(TriNOxOMe) recorded at a scan rate of 100
mV/s in 0.1 M [nPr4N][BArF4] DCM solution.

Figure 5.4.17. Cyclic voltammogram of Dy(TriNOxtBu) recorded at a scan rate of 100 mV/s
in 0.1 M [nPr4N][BArF4] DCM solution.
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Figure 5.4.18 Cyclic voltammogram of Dy(TriNOxPh) recorded at a scan rate of 100 mV/s
in

0.1

M

[nPr4N][BArF4]

DCM

solution.

Figure 5.4.19. Cyclic voltammogram of Dy(TriNOxOMe) recorded at a scan rate of 100
mV/s in 0.1 M [nPr4N][BArF4] DCM solution.
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RE(TriNOxR) Separation Correlations
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Figure 5.4.20. Comparison of the percent buried volume (%Vbur) of Nd(TriNOxR)(THF)
complexes against the Hammett parameter (σm or σp) of R. (R = 5-OMe, 4-tBu, 5-Ph, H,
4-CF3).
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Figure 5.4.21. Comparison of the self-association constant (Kdimer) of Nd(TriNOxR)(THF)
complexes against the Hammett parameter (σm or σp) of R. (R = 5-OMe, 5-Ph, H).
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Figure 5.4.22. Comparison of the solubility (mmol/L) of Nd(TriNOxR)(THF) complexes in
C6D6 against the Hammett parameter (σm or σp) of R. (R = 5-OMe, 4-tBu, 5-Ph, H, 4-CF3).
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Figure 5.4.23. Comparison of the solid enrichment factor (Dsolid) in benzene against the
Hammett parameter (σm or σp) of R. (R = 5-OMe, 4-tBu, 5-Ph, H, 4-CF3).
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Figure 5.4.24. Comparison of the filtrate enrichment factor (Dfiltrate) in benzene against the
Hammett parameter (σm or σp) of R. (R = 5-OMe, 4-tBu, 5-Ph, H, 4-CF3).
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Figure 5.4.25. Comparison of the Nd/Dy separation factor (SNd/Dy) in benzene against the
Hammett parameter (σm or σp) of R. (R = 5-OMe, 4-tBu, 5-Ph, H, 4-CF3).

182

84.5
84
83.5

%Vbur

83

82.5
82
81.5
81
80.5
80
79.5
-0.8

-0.6

-0.4

-0.2

0

0.2

Epa (vs.

Fc/Fc+)

0.4

0.6

0.8

1

Figure 5.4.26. Comparison of the percent buried volume (%Vbur) of Nd(TriNOxR)(THF)
complexes against the anodic peak potential (Epa) of H3TriNOxR. (R = 5-OMe, 4-tBu, 5-Ph,
H, 4-CF3).
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Figure 5.4.27. Comparison of the solubility (mmol/L) of Nd(TriNOxR)(THF) complexes in
C6D6 against the anodic peak potential (Epa) of H3TriNOxR. (R = 5-OMe, 4-tBu, 5-Ph, H, 4CF3).
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Figure 5.4.28. Comparison of the self-association constant (Kdimer) of Nd(TriNOxR)(THF)
complexes against the anodic peak potential (Epa) of H3TriNOxR. (R = 5-OMe, 4-tBu, 5-Ph,
H, 4-CF3).
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Figure 5.4.29. Comparison of the solid enrichment factor (Dsolid) in benzene against the
anodic peak potential (Epa) of H3TriNOxR. (R = 5-OMe, 4-tBu, 5-Ph, H, 4-CF3).
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Figure 5.4.30. Comparison of the filtrate enrichment factor (Dfiltrate) in benzene against the
anodic peak potential (Epa) of H3TriNOxR. (R = 5-OMe, 4-tBu, 5-Ph, H, 4-CF3).
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Figure 5.4.31. Comparison of the Nd/Dy separation factor (SNd/Dy) in benzene against the
anodic peak potential (Epa) of H3TriNOxR. (R = 5-OMe, 4-tBu, 5-Ph, H, 4-CF3).
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Figure 5.4.32. Comparison of the percent buried volume (%Vbur) of Nd(TriNOxR)(THF)
complexes against the anodic peak potential (Epa) of DyTriNOxR. (R = 5-OMe, 4-tBu, 5Ph, H, 4-CF3).
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Figure 5.4.33. Comparison of the solubility (mmol/L) of Nd(TriNOxR)(THF) complexes in
C6D6 against the anodic peak potential (Epa) of DyTriNOxR. (R = 5-OMe, 4-tBu, 5-Ph, H, 4CF3).
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Figure 5.4.34. Comparison of the self-association constant (Kdimer) of Nd(TriNOxR)(THF)
complexes against the anodic peak potential (Epa) of H3TriNOxR. (R = 5-OMe, 4-tBu, 5-Ph,
H, 4-CF3).
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Figure 5.4.35. Comparison of the solid enrichment factor (Dsolid) in benzene against the
anodic peak potential (Epa) of DyTriNOxR. (R = 5-OMe, 4-tBu, 5-Ph, H, 4-CF3).
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Figure 5.4.36. Comparison of the filtrate enrichment factor (Dfiltrate) in benzene against the
anodic peak potential (Epa) of DyTriNOxR. (R = 5-OMe, 4-tBu, 5-Ph, H, 4-CF3).
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Figure 5.4.37. Comparison of the Nd/Dy separation factor (SNd/Dy) in benzene against the
anodic peak potential (Epa) of H3TriNOxR. (R = 5-OMe, 4-tBu, 5-Ph, H, 4-CF3).
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Chapter 6
Redox-Driven Chelation and Kinetic Separation of Select Rare
Earth Elements Using a Tripodal Nitroxide Proligand

Abstract
Separation of the rare-earth (RE) elements (Sc, Y, La–Lu) is challenging, but
required for their applications in renewable energies and technologies. The development
of separation processes driven by kinetic factors represents an underexplored area of this
field. Herein, we disclose a novel method of separating selected rare earths by reacting
RE cyclopentadienides with the triradical species tris(2-tert-butylnitroxyl)benzylamine
(6.1). Compound 6.1 was characterized through a variety of techniques including X-ray
crystallography, magnetometry, and EPR spectroscopy. When applied to an equimolar
mixture of La:Y cyclopentadienide complexes, different rates for the chelation of these
organometallic precursors by 6.1 were observed, giving a separation factor of SLa/Y = 26
under these conditions.

Adapted with permission from work previously published in Inorg. Chem. 2019,
accepted. © 2019 American Chemical Society
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6.1 Introduction
Organic nitroxide radicals are archetypal examples of stable organic free radicals. 12

Their unique properties and reactivity have garnered applications in the fine chemical

and pharmaceutical industries;3 these functional groups continue to attract considerable
research attention in oxidation processes.4-5 The so-called “persistent radical effect” of
organic nitroxides has been employed in the development of nitroxide-mediated
polymerization, a key methodology for the synthesis of precision polymers.6-7 In medicine,
nitroxide radicals are employed in functional in vivo EPR oximetry,1 and their abilities to
scavenge reactive oxygen species have been examined to combat oxidative stressrelated diseases.8-9 Additionally, the exceptional kinetic stability of radical nitroxides in a
range of conditions, including physiological ones, has made them pervasive in radical
probe and imaging applications, particularly in spin labeling for structural biology.10-15
Accordingly, a large variety of mono- and poly-nitroxide radicals have been synthesized
for these different applications.16-19 As such, a catalog of spin-related properties (e.g.
magnetometry and EPR) has been established for families of polynitroxide compounds
with a variety of structural and electronic properties.1-2
Interactions of nitroxide radicals with metals have also been extensively studied, 2021

in particular with rare earth (RE) elements.22-26 These reports have mainly focused on

the magnetic properties of the nitroxide-RE complexes (Chart 6.1.1).
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Chart 6.1.1. Previous work using nitroxide radicals and rare earths (top) and goals of the
current work (bottom).22, 26, 29
Our group has demonstrated that nitroxide radicals can be formed in the
coordination sphere of a RE cation by oxidation of the corresponding hydroxylaminato
ligand.27 Recently, we showed that the use of a tris-hydroxylamine ligand (H3TriNOx,
tris(2-tert-butylhydroxylamine)benzylamine)28 displayed differences in the oxidation rates
within (RE)TriNOx complexes modulated by the Lewis acidity of the RE cation, which
afforded efficient electro-kinetic separations of RE = Eu, Y, Yb, and Lu (Chart 6.1.1).29
This approach represents a new method for separating RE ions; separations of
REs are typically achieved through thermodynamic differences, for example, through
differences in affinities for a specific ligand.30 As such, further development of kinetic-
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based separations remains a challenging, important research opportunity. Indeed, only a
few examples the application of kinetic factors to RE separations have been reported.29, 31
In contrast to our previous work, we envisioned the use of a tri-radical nitroxide
species, derived from H3TriNOx, as a chemical oxidant that, upon 3-electron oxidation of
an appropriate RE-containing precursor, would generate RE(TriNOx) complexes. We
expected that differences in the rates of these oxidation reactions would enable selective
RE(TriNOx) formation, allowing for a novel kinetic separations system for RE cations.
Herein, we describe tris(2-tert-butylnitroxyl)benzylamine and efforts to test the hypothesis
of its utility in RE kinetic separations.
6.2 Results & Discussion
Synthesis and characterization
In previous work, solutions of H3TriNOx were observed to oxidize to red oils with
prolonged exposure to aerobic conditions. In pursuit of a well-defined tris-nitroxide form of
H3TriNOx, reactions were attempted with several oxidizing agents, including silver(I)
oxide, lead(IV) oxide, and hydrogen peroxide. However, the resulting red crystals obtained
from these experiments exhibited significant structural disorder and diminished magnetic
moments by SQUID magnetometry and Evans’ method approximations, indicating
incomplete oxidation (Figure 6.2.1).
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Figure 6.2.1. Thermal ellipsoid plot of incomplete oxidation product from attempts to
oxidize H3TriNOx, exhibiting significant structural disorder (R 1 > 25%). H atoms omitted
for clarity.
As previously reported by others,

32-33

filtration over a basic alumina plug was

necessary to improve the purity of the product. A yellow band, presumably unreacted
hydroxylamine species and/or decomposition products, was retained by the stationary
phase affording an intense red solution of the desired tris-nitroxide. Under optimized
conditions, the new tri-radical species, tris(2-tert-butylnitroxyl)benzylamine (TriNOx˙˙˙,
6.1), was obtained by oxidation of H3TriNOx with excess silver(I) oxide (15 equiv).
Subsequent work-up afforded a vibrant red solid in 72% yield (Scheme 6.2.1). Infrared
spectroscopy (Figure 6.2.2) demonstrated the disappearance of the hydroxylamine
oscillators in 6.1, while high-resolution mass spectrometry confirmed the proposed
formulation.
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Scheme 6.2.1. Synthesis of TriNOx˙˙˙ (6.1).
Single crystals suitable for X-ray analysis were grown from cooling a hot n-hexane
solution. Compound 6.1 crystallized in the monoclinic space group C2/c with three
independent molecules in the unit cell (Figure 6.2.3). In contrast to the solid-state structure
of H3TriNOx, which presented an intramolecular H-bonding network,28 no interaction
between the nitroxide arms was observed for 6.1, with the shortest intramolecular O–O
distance at 5.728(3) Å.

Figure 6.2.2. Infrared spectrum of H3TriNOx (yellow trace) and 6.1 (red trace).

197

Figure 6.2.3. Thermal ellipsoid plot of H3TriNOx (A)28 and one of three independent
molecules of 6.1 (B) at the 30% probability level. tert-butyl groups are depicted in a
wireframe model, H atoms not involved in H-bonding interactions were omitted for clarity.
A comparison of bond metrics in 6.1 with those for H3TriNOx revealed a shortening
of the N−O bond lengths (1.275(2)–1.293(2) Å vs 1.458(16) Å for H3TriNOx), indicative of
oxidation of the hydroxylamine groups. Additionally, the sum of the angles around the
nitroxide nitrogen atoms in 6.1 (359.2(2)°) was significantly increased compared to
H3TriNOx (332.17(12)°), providing further evidence of oxidation.
1

H NMR spectroscopy in C6D6 was minimally informative but demonstrated a very

broad signal at −17 ppm (FWHM ~ 2500 Hz, Figure 6.4.1), confirming the paramagnetic
nature of 6.1. At room temperature, the solution-phase magnetic susceptibility value for
6.1 was 0.94 cm3 K mol−1, determined through Evans’ method analysis.34 This value was
slightly lower than the expected value for 3 non-interacting unpaired electrons
(1.125 cm3 K mol−1). To further probe the magnetic properties of 6.1, solid-state SQUID
magnetometry data were collected. These experiments were performed in triplicate, and
gave a χT value of 0.98 cm 3 K mol−1 at 300 K (Figure 6.2.4). Upon decreasing
temperature, the susceptibility product remained constant until approximately 10 K, where
a decrease in the χT value was observed, giving a value of 0.79 cm3 K mol−1 at 2 K. A
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Weiss constant (θ) obtained from a linear fit of the inverse susceptibility from 2 K to 300 K
gave a value of θ = 0.22 cm−1 indicative of only weak intermolecular interactions (Figure
6.2.4).

Figure 6.2.4. Temperature dependent magnetic susceptibility data collected for 6.1 at an
applied field of 5000 Oe.
Consistent with the solution-phase data, the room temperature solid-state χMT
value of 0.98 cm3 K mol−1 was slightly lower than expected. This is potentially due to small
amounts of paramagnetic impurities such as mono-radical and/or diradical species. These
analyses are also consistent with EPR data collected for 6.1 (vide infra). In addition, a
saturation of magnetization experiment at 2 K gave a value of 2.49 µB at an applied field
of 70 kOe (Figure 6.4.5). This value indicates the presence of more than 2 unpaired
electrons within the sample, since an isotropic organic diradical would give a
magnetization value of 2 µB at saturation. In total, these data generally support the
triradical character for 6.1.
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To further investigate the electronic structure of 6.1, X-band EPR spectroscopy
experiments were performed. A powder sample of 6.1 measured at 298 K exhibited a
broad isotropic signal centered at g = 2.0075, close to the Landé factor for the free electron
as expected for an organic radical species (see Figure 6.2.5). A 1 mM toluene solution of
6.1 at 298 K exhibited a more complex structure to yield an apparent five-line spectrum.

Simulation
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Experimental

g = 2.00746
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Figure 6.2.5. Solid-state EPR spectrum (black trace) of 6.1 at 298 K and simulation (red
trace).
Although solid-state magnetic data suggested weak interactions between the three
spins of 6.1, it is widely documented that poly-nitroxides can exhibit solvent-mediated,
through-space, intramolecular, spin-spin exchange coupling in solution.2 Such
phenomena are particularly apparent in poly-nitroxides supported by flexible scaffolds.2,
35-42

Typically, when the exchange integral J is close to 0, a classical three line spectrum

caused by the

14

N hyperfine coupling (aN) is observed. On the other hand, when

J>aN, a structure composed of 2N+1 lines is observed, where N is the number of
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interacting nitroxide radical moieties. Recent works by Ottaviani and Turro have explored
the interactions of di-, tri-, and tetra-nitroxides in solution.39-41 These spectra were
described as a combination between two extreme conformations in solution equilibrium:
(i) an “open” configuration in which the nitroxide units acted as isolated spins (J = 0) and
(ii) a “closed” configuration, in which the molecule folded to bring the nitroxide units within
close proximity (J>aN). Following this methodology, we first attempted to simulate
the EPR spectrum of 6.1 with a three-line (“open” TriNOx˙˙˙) and a seven-line (“closed”
TriNOx˙˙˙) component (Figure 6.2.6).43 While generally reproducing the line shape, the
simulation was not entirely satisfactory and prompted us to explore alternative spin
systems.

Figure 6.2.6. Experimental (black traces) and simulated (red traces) for one possible spin
system involving the exchange between an “open” form (3-line component) and a “closed”
form (7-line component).
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The most satisfactory fit was obtained for the combination of three- and five-line
components as presented in Figure 6.2.7. The weights of each component were freely
refined and indicated a relative ratio of two interacting spins for one isolated spin. Besides
accurately simulating the EPR spectrum of 6.1, this model is molecularly satisfactory.
Indeed, examining the solid-state structure of 6.1, it seems straightforward to engage two
nitroxide arms in the spin exchange interaction; however the interaction of the third arm
may require a relatively large reorganization energy.40 These data suggest that 6.1 does
not present an “open” conformation under the experiment conditions; but rather that, in
average, nitroxide moieties of 6.1 are interacting by pairs while the third arm is left free.
Similar desymmetrized spin systems have been observed for phosphite-linked nitroxide
triradicals.2 The 14N hyperfine coupling constant for the isolated spin component (aN-only =
13.8 G) was in agreement with the parent N-(2-methyl-5-tert-butyl-phenyl)-N-tert-butylnitroxide mono-radical (aN = 13.5 G) and other related systems.38,

44-45

The hyperfine

coupling constant for the interacting component (aN-pair = 6.2 G) was similar to those
reported for other arylated-tert-butyl di-nitroxide species (aN = 6.4, 7.2 G).35, 38
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Figure 6.2.7. Experimental (black traces) and satisfactorily simulated (red traces) X-band
EPR spectrum of a 1 mM toluene solution of 6.1 at 298 K. The two components of the
simulation and their molecular origin are depicted in the insets.
Reactivity and separation experiments
Previously, nitroxide radicals have been exploited in f-element chemistry as oneelectron oxidants or O-atom transfer agents.46-49 Notably, Evans and coworkers have
reported the formation of [TEMPO6SmIII2] and (C5Me5)2 by the reaction of Sm IIICp*3 and
TEMPO˙ (TEMPO˙ = 2,2,6,6-tetramethylpiperidin-1-yl)oxyl, Cp*− = pentamethylcyclopentadienide).50-51 Given the affinity of TriNOx3− for RE metals,52-56 these precedents
encouraged to consider 6.1 as a triply-oxidized precursor to form (RE)TriNOx complexes.
Indeed, a cyclic voltammogram of 6.1 featured a reduction event at (Epc = -2.04 V vs
Fc/Fc+) (Figure 6.2.8). We expected that upon reduction, the three nitroxide units would
serve as strong chelating agents for lanthanide cations, which could drive the reaction to
completion and produce a kinetically inert product.
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Figure 6.2.8. Cyclic voltammogram of 6.1 recorded at a scan rate of 100 mV/s in 0.1 M
[nPr4N][BArF4] THF solution.
To test this hypothesis, a THF solution of 6.1 was combined with La(Me4Cp)3 (Me4Cp−
= tetramethyl-cyclopentadienide), which rapidly afforded a white precipitate of
La(TriNOx)(THF) in 70% yield (Figure 6.2.9). As expected, this complexation event was
accompanied by the oxidation of Me4Cp− to form (Me4Cp)2.
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Figure 6.2.9. Reaction of 6.1 with La(Me4Cp)3 and 1H NMR of the reaction mixture in
pyridine-d5.
This result prompted us to investigate the reactivity of 6.1 with simpler REcyclopentadienide species (RE(Cp)3), reactions that proceeded with similar results, albeit
at slower rates. Notably, preliminary reactions with La(Cp)3 and Y(Cp)3 indicated a
significant difference in the reaction rates with 6.1.
To begin our reactivity studies of the RE(Cp)3 reaction with 6.1, same-excess
kinetic experiments were performed.57-58 These experiments indicated a pseudo first-order
rate dependence was observed for 6.1. However, peak broadening was noted in the 1H
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NMR spectra due to the presence of the tenfold excess of paramagnetic 6.1, which
prevented robust determination of a rate dependence for RE(Cp)3 (See Figures 6.4.20,
6.4.22, RE = La, Y). Therefore, variable concentration rate dependence experiments were
conducted, which confirmed the first order rate dependence for 6.1. These experiments
also indicated that a pseudo first order rate dependence was observed for RE(Cp)3. Thus,
kinetic studies for the reaction of RE(Cp)3 and 6.1 yielded the following second order rate
law for the formation of RE(TriNOx) complexes:
rate = kRE[RE(Cp)3][6.1] (RE = La, Y)
Initial rate kinetic experiments were performed and monitored through 1H NMR
spectroscopy. These experiments were based upon the rate of consumption of RE(Cp) 3
and gave rate constants of kobs-La = 3.8(1)  10−3 h−1 and kobs-Y = 6.3(1)  10−1 h−1 (Figure
6.2.10).

Figure 6.2.10. Linearization and observed rate constants for the consumption of RE(Cp) 3
(0.042 M, RE = La, Y) in reaction with 6.1 (0.042 M) at 298 K in pyridine-d5.
It is important to note that these kobs values were based only on the consumption
of RE(Cp)3 starting materials and were distinct from kRE values. We employed these kobs
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values as generic comparisons between La and Y reactivities since both species show
overall second order rate laws with only the cyclopentadienide precursor changing.
Further, it is difficult to determine concentrations across the course of the reaction for 6.1
due to its broad NMR signals. Nonetheless, the observed rates of rare-earth
cyclopentadienide consumption indicate a difference of >2 orders of magnitude for the
reaction of lanthanum and yttrium cyclopentadienides with 6.1. These rate differences
represented an excellent system for a kinetically-controlled rare earth separations
process. Analysis of the consumption of RE(Cp)3 over the course of the reaction indicated
that after 5 hours, complete consumption of Y(Cp)3 was observed whereas only minimal
LaCp3 consumption was noted (Figure 6.2.11). Therefore, this time point appeared optimal
to perform our kinetically driven separation experiments. A separation factor was predicted
by calculating the ratio of La(TriNOx) to Y(TriNOx) as the solid portion and the remaining
La- and Y-containing materials as the filtrate portion, enrichment factors of DSolid = 6.91
and DFiltrate = 1.36 were determined and thus giving a separation factor of SLa/Y = 9.41.

[RE(Cp)3] (M)

0.04

0.03

0.02

SLa/Y = 9.4 (predicted)

0.01

0.00
0
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5

6

7

8

Time (h)
Figure 6.2.11. Reaction progress for the consumption of Y(Cp)3 in the presence of 6.1
(turquoise) and La(Cp)3 in the presence of 6.1 (brown). Each reaction conducted in
pyridine-d5 at 298 K.
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Taking advantage of the insolubility of RE(TriNOx)(THF) complexes in THF, 28 the
separation experiments were performed in this solvent by adding a solution of 6.1 (1 equiv)
to a homogenous mixture of La(Cp)3 (1 equiv) and Y(Cp)3 (1 equiv) in THF. After 5 hours
of stirring, the mixture was filtered and both the solid and filtrate portions were dried for 1
h. The molar ratios of La and Y in the solid (nY/nLa) and filtrate (nLa/nY) portions were
determined by inductively coupled plasma optical emission spectroscopy (ICP-OES). The
solid (DSolid) and filtrate (DFiltrate) enrichment factors were then used to calculate the
separation factor (SLa/Y) according to the equation SLa/Y = DSolid × DFiltrate. These kinetic
separations were performed in triplicate and the results are included in Table 6.2.1.
Table 6.2.1. Predicted and observed enrichment (D) and separation (S) factors for 6.1.
DFilt

DSolid

SLa/Y

Kinetic Prediction

1.36

6.91

9.41

Experimental Dataa

1.27 ± 0.02

20.8 ± 1.9

26.4 ± 2.1

a

The lanthanum purity in the filtrate was 56% and the yttrium purity in the solid was 95%.

The total yttrium recovery in the solid was 19%.
The separations results indicated that the difference in reaction rates between
Y(Cp)3 or La(Cp)3 and 6.1 lead to the selective formation of Y(TriNOx), as indicated by the
high solid enrichment factor. However, due to incomplete conversion and unproductive
side reactivity, the recovery of yttrium was low, resulting in a low filtrate enrichment factor.
Evaluation of our previously-established model for kinetic separations of rare-earth
elements using the initial rate constants, kobs, for RE(Cp)3 species predicted enrichment
factors of 43.2 for both solid and fitrate portions, resulting in an upper limit, predicted
separations factor, SLa/Y > 1800.29 Achieving this impressive separation will require a
reaction that drives to completion and simple metals recovery. We are currently
investigating ways to improve the efficiency of this reactivity including the Cp ligand
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choice, as well as new platforms to host triradical species, which will be disclosed in due
course. Notwithstanding, these results demonstrate that differences in the rates of
chemical reactions may be exploited for kinetic separations systems, but that many
different factors, primarily the completeness of the reaction, limit the efficiency of this
process.
6.3 Conclusions
We have demonstrated that oxidation of the chelating ligand H 3TriNOx forms a
brightly colored tri-radical species, 6.1 as supported by magnetic and EPR measurements.
The addition of RE(Cp)3 starting material to 6.1 gave reduction of the tri-radical, resulting
in coordination of TriNOx3− to the lanthanide cation. These results demonstrate a novel
route to form RE(TriNOx) complexes as well as enable a kinetically-controlled rare-earth
element separation process. Future work to expand the utility of the kinetic separation
demonstrated here is underway in our laboratory.
6.4 Experimental Section
General Methods
Unless otherwise noted, all reactions and manipulations were performed under an inert
atmosphere (N2) using standard Schlenk techniques or in a Vacuum Atmospheres, Inc.
Nexus II drybox equipped with equipped with a molecular sieves 13X/Q5 Cu-0226S
catalyst purifier system. Glassware was oven-dried for at least three hours at 150 °C prior
to use. 1H NMR spectra were obtained on a Bruker DMX-300 Fourier transform NMR
spectrometer while operating at a 1H frequency of 300 MHz.
obtained on a UNI 400 instrument while operating at a

13

C{1H} NMR spectra were

13

C frequency of 100.61 MHz.

Chemical shifts were recorded in units of parts per million and referenced against residual
proteo solvent peaks for 1H NMR and characteristic solvent peaks for 13C NMR. IR spectra
were obtained from 400-4000 cm-1 using a PerkinElmer 1600 series IR spectrometer.
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Accurate mass measurement data were collected on Waters instrument in the Mass
Spectrometry facility at the University of Pennsylvania. Waters software calibrates and
reports by use of neutral atomic masses, not including the mass of the electron.
Materials
Tetrahydrofuran, diethyl ether, benzene, toluene, dichloromethane, hexanes, and pentane
were purchased from Fisher Scientific. All solvents were sparged with dry argon for 30
minutes and dried using a commercial two-column solvent purification system comprising
columns packed with Q5 reactant and neutral alumina, respectively (benzene, toluene,
DCM, hexanes, pentane), or two columns of neutral alumina (THF, Et 2O, and DME).
CDCl3, C6D6, and pyridine-d5 were purchased from Cambridge Isotope Laboratories, Inc.
and stored over 4Å molecular sieves prior to use. Silver(I) oxide was purchased from
Sigma Aldrich and used as received. RE(Cp)3 (RE = La, Y) were purchased from Strem
Chemicals and used as received. H3TriNOx and La(C5HMe4)3 were synthesized according
to literature procedures.28,59
Inductively Coupled Plasma – Optical Emission Spectroscopy
Inductively coupled plasma optical emission spectroscopy was conducted on a
Spectro Genesis ICP-OES spectrometer (SPECTRO Analytical Instruments GmbH,
Kleve, Germany) equipped with an integrated three channel peristaltic pump and a ASX260 auto-sampler (CETAC Technologies, Omaha, NE, USA). Samples solutions were
delivered to the nebulizer using a Mod Lichte spray chamber and single-use PVC PT2140PF tubing (Precision Glassblowing, Centennial, CO, USA). Each data acquisition was
preceded by a 35 second rinse sequence at different pump speeds. Other relevant
parameters were previously optimized to give the smallest RSD and are summarized in
Table 6.4.1.
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Table 6.4.1. Instrumental and operating conditions for ICP-OES measurements.
Instrument conditions
Forward power (W)
Plasma gas flow rate (L min−1)
Auxiliary gas flow rate (L min−1)
Nebulizer flow rate (L min−1)
Wavelengths (nm)

1350
13.50
1.00
0.90
La 333.749
Y 442.259

Nitric acid (Fisher, Certified ACS Plus grade), hydrogen peroxide (Fisher, 30%
solution in water), and distilled-deionized water (Milli-Q, 18.2 MΩ.cm, Millipore) were used
for sample preparation and dilution. Samples were prepared by digestion in a (4:1)
HNO3:H2O2 mixture at 100 °C for 1 hour, followed by dilution to a concentration of ca. 5%
HNO3 to limit matrix effects. Analytical plasma standard solutions were obtained from Alfa
Aesar (Specpure®, 1000 ppm RE2O3 in 5% HNO3).
Calibrations were performed before each set of measurements using a range of 7
standardized solutions (125–0.025 ppm). Calibration curves were confirmed to have R2 >
0.999 for the selected elements. Potential instrumental drift was monitored by continuously
measuring Ar lines at 430.010 and 404.442 nm; absence of drift was finally confirmed by
measuring a standardized solution at the end of each measurement session. The following
wavelengths (nm) were used for element quantifications and reviewed for the absence of
interferences: 333.749 (La), 442.259 (Y). The wavelengths selected had the highest signal
intensity, in agreement with the literature,1 and were the most relevant for the studied
range of concentrations.
Electrochemistry
All experiments were performed under an inert atmosphere (N 2) in a drybox with
electrochemical cells that contsisted of a 4 mL vial, glassy carbon disk (3 mm diameter)
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working electrode, a platinum-wire counterelectrode, and a silver wire plated with AgCl as
a quasi-reference electrode. The working electrode surface was polished prior to each set
of experiments. Potentials recorded in THF were referenced versus ferrocene, which was
added as an internal standard for calibration at the end of each run. Solutions employed
during CV studies were approximately 3 mM in analyte and 100 mM in [ nPr4N][BArF4]. All
data were collected in a positive-feedback IR compensation mode. The THF solution cell
resistances were measured prior to each run to ensure resistances (≲ 500 Ω).
Synthetic Details
Synthesis of tris(2-tert-butylnitroxyl)benzylamine

Tris(2-tert-butylhydroxyamine)benzylamine (TriNOx˙˙˙) (6.1) (1.00 g, 1.82 mmol, 1.0
equiv.) was stirred in CH2Cl2 in a taped scintillation vial. Silver(I) oxide (6.33 g, 27.3 mmol,
15.0 equiv.) was added to the yellow solution as a solid and the reaction mixture was
stirred at room temperature for 2 hours. The resulting reaction mixture was filtered over
Celite, affording a bright red solution. Volatiles were removed under reduced pressure,
affording a bright red solid. The red solid was dissolved in a 50:50 hexanes/CH 2Cl2 solution
and run through an alumina plug. Volatiles were removed under reduced pressure, and a
bright red solid was isolated (0.72 g, 72%). Single crystals for X-ray crystallography were
grown from hexanes solution. 1H NMR (ppm, C6D6): δ = 6.87 (bs, fwhm ~100 Hz, 3H) 1.24
(bs, fwhm ~100 Hz, 9H), −17.03 (vbs, fwhm ~2400 Hz, 27H). IR: ν = 3067, 3028, 2977,
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2933, 2907, 2870, 2708, 1962, 1927, 1844, 1814, 1732, 1714, 1599, 1577, 1479, 1459,
1450, 1396, 1358, 1305, 1255, 1216, 1198, 1181, 1156, 1130, 1094, 1043, 971, 948, 890,
874, 830, 800, 768, 750, 699, 689, 622, 582, 563, 496, 470 cm -1. HRMS: (ESI+) m/z calc.
for C33H46N4O3 (M+H): 546.3570, found: 546.3566.

Figure 6.4.1. 1H NMR spectrum of 6.1 in C6D6.
Evans’ Method Experiments
A sample of 10.0 mg (0.02 mmol) 6.1 and 25 µL mesitylene in 750 µL C6D6 was prepared
in an NMR tube. A stock solution of 25 µL mesitylene in 750 µL C6D6 was added to a
centrosymmetric capillary tube placed inside the NMR tube. Sample measured on a
Bruker DMX-500 Fourier transform NMR spectrometer while operating at a 1H frequency
of 500 MHz. The room temperature, solution phase magnetic susceptibility value was
calculated based upon the observed chemical shifts from the mesitylene standard.
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Figure 6.4.2. Evans’ Method 1H NMR Spectrum in C6D6. * indicates acetone solvent
impurity.
X-Ray Crystallography
X-ray intensity data for all reported compounds were collected on a Bruker APEXIII
D8QUEST CMOS area detector employing graphite-monochromated Mo-Kα radiation (λ
= 0.71073 Å) at 100(1) K.61 In all cases, rotation frames were integrated using SAINT,62
producing a listing of unaveraged F2 and σ(F2) values. The intensity data were corrected
for Lorentz and polarization effects and for absorption using SADABS. 63 All structures
were solved by direct methods (SHELXT).64 Refinement was by full-matrix least squares
based on F2 using SHELXL-2014.65 All reflections were used during refinements. Nonhydrogen atoms were refined anisotropically.
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Crystallographic data and structure refinement information for 6.1 is summarized in Table
6.4.2.

Figure 6.4.3. Thermal ellipsoid plot of one of three independent molecules of 6.1 at the
30% probability level. tBu groups depicted in wireframe and hydrogen atoms omitted for
clarity.

215

Table 6.4.2. Crystallographic parameters for 6.1.

Empirical formula
Formula weight
Temperature (K)
Wavelength (Å)
Crystal system
Space group
Cell constants:
a (Å)
b (Å)
c (Å)
β (°)
V (Å3)
Z
Densitycalc
μ (absorption coefficient)
F(000)
Crystal size (mm)
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta
Absorption correction
Max and min. transmission
Data / restraints / parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak / hole

6.1 (Penn4878)
C33H45N4O3
545.73
100(1)
0.71073
monoclinic
C2/c
31.2358(13)
18.0295(7)
36.6680(15)
112.400(2)
19092.0(14)
24
1.139 g/cm3
0.073 mm-1
7080.0
0.22 × 0.12 × 0.03
1.331 – 25.409°
-37 ≤ h ≤ 32, -21 ≤ k ≤ 21, -44 ≤ l ≤ 44
159742
17601 [R(int) = 0.0711]
99.9%
Semi-empirical from equivalents
0.7452 and 0.7249
17601 / 0 / 1108
1.012
R1 = 0.0572, wR2 = 0.1302
R1 = 0.1066, wR2 = 0.1506
0.53 / -0.23 eÅ-3
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SQUID Magnetometry
Magnetic data were collected on a Quantum Design Multi Property Measurement System
(MPMS-7) with a reciprocating sample option. Temperature-dependent measurements
were performed under applied 1 T DC fields from 2 to 300 K, and field-dependent
measurements were performed at 2 K with varying applied magnetic field strengths
ranging from 0 to 7 T. Corrections for the intrinsic diamagnetism of the samples were made
using Pascal’s constants.66 Each magnetism sample was prepared in the glovebox and
placed in a heat-sealed compartment of a plastic drinking straw. The plastic drinking
straws were evacuated overnight prior to use. These straws were then sealed at one end
(approx. 9.5 cm from the top) by heating a pair of forceps and crimping the sides of the
straw until the two sides were fused together. Microcrystalline 6.1 (10 mg) was loaded into
the straw, capped with about 20 mg of quartz wool (dried at 250 °C prior to use), and
packed tightly. The other end of the plastic drinking straw was then sealed directly above
the quartz wool, forming a small compartment. The sample and wool were massed four
times each to the nearest 0.1 mg, and the values used were averages of these mass
measurements.
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Figure 6.4.4. χM vs T plot of 6.1 from 2 K to 300 K.
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Figure 6.4.5. M vs H of 6.1 from 0 T to 7 T at 2 K.
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EPR Spectroscopy
The reported spin Hamiltonian for a tri-radical is described by:42

𝐻 = 𝑔𝛽𝑒 𝐵(𝑆𝑧 (1) + 𝑆𝑧 (2) + 𝑆𝑧 (3) ) + 𝑎(𝑆𝑧 (1) ∙ 𝐼𝑧 (1) + 𝑆𝑧 (2) ∙ 𝐼𝑧 (2) + 𝑆𝑧 (3) ∙ 𝐼𝑧 (3) )
+ 𝐽12 (𝑆𝑧 (1) ∙ 𝑆𝑧 (2) ) + 𝐽23 (𝑆𝑧 (2) ∙ 𝑆𝑧 (3) ) + 𝐽13 (𝑆𝑧 (1) ∙ 𝑆𝑧 (3) )

The solid-state data demonstrated a broad signal centered at g = 2.00746.
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Figure 6.4.6. Solid-state EPR spectrum (black trace) of 6.1 at 298 K and simulation (red
trace).
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For the solution-state data, two different model were considered:
The experimental EPR data were fitted using a two component spin system composed of:
(1) isolated spins (J ~0, three-line), (2) spin-exchange between two spins (J > aN, fiveline). The results of the simulation are presented in the main text. The following parameters
were obtained from the simulation:
Parameters 3-line

5-line

g

2.0082 2.0084

aN (G)

13.80

6.20

weight (%)

32.9

67.1

Figure 6.4.7. Experimental (black traces) and satisfactorily simulated (red traces) X-band
EPR spectrum of a 1 mM toluene solution of 6.1 at 298 K. The two components of the
simulation and their molecular origin are depicted in the insets.
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A second model was considered using a two component spin system composed of: (1)
isolated spins (J ~0, three-line), (2) spin-exchange between three spins (J > aN, sevenline). The following fit and parameters were obtained from the simulation:
Parameters 3-line

7-line

g

2.0082 2.0086

aN (G)

13.16

6.08

weight (%)

24.7

75.3

Figure 6.4.8. Experimental (black traces) and simulated (red traces) for the second
possible spin system involving the exchange between an “open” form (3-line component)
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and a “closed” form (7-line component).

Reaction Kinetics Experiments
The reaction of RE(Cp)3 (0.030 mmol) and 6.1 (0.030 mmol) in pyridine-d5 (0.75 mL) was
monitored by 1H NMR against an internal standard, 1,3,5-trimethoxybenzene (0.030
mmol), at various timepoints. The concentration of RE(Cp) 3 and RE(TriNOx)(pyr) was
measured by integration and comparison to that of the internal standard. Dummy scans
before NMR data collection were removed to ensure accurate timepoints were achieved.
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Figure 6.4.9. Concentration of Y(Cp)3 vs. Time plot, run 1 (orange) and run 2 (blue).
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Figure 6.4.10. Concentration of La(Cp)3 vs. Time plot, run 1 (orange) and run 2 (blue).
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Figure 6.4.11. Concentration of Y(TriNOx) vs. Time plot, run 1 (orange) and run 2 (blue).
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Figure 6.4.12. Concentration of La(TriNOx) vs. Time plot, run 1 (orange) and run 2 (blue).
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Figure 6.4.13. Concentration of ln(Y(Cp)3) vs. Time plot, run 1 (orange) and run 2 (blue).
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Figure 6.4.14. Concentration of ln(La(Cp)3) vs. Time plot, run 1 (orange) and run 2 (blue).

0

0

0.2

0.4

0.6

0.8

1

-1

ln(M) Y(TriNOx)

-2
-3

-4

y = 1.2065x - 6.3553
R² = 0.9143

-5
-6

y = 1.5219x - 6.6724
R² = 0.9516

-7
-8

Time (h)

Figure 6.4.15. Concentration of ln[Y(TriNOx)] vs. Time plot, run 1 (orange) and run 2
(blue).
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Figure 6.4.16. Concentration of ln[La(TriNOx)] vs. Time plot, run 1 (orange) and run 2
(blue).
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Figure 6.4.17. Concentration of ln([Y(TriNOx)]) vs. Time plot under pseudo-first order
Y(Cp)3 conditions.

226

0
0

1

2

3

4

5

6

ln([La(TriNOx)])

-1
-2
-3
y = 0.2029x - 5.6554
R² = 0.9394

-4
-5

-6

Time (h)

Figure 6.4.18. Concentration of ln([La(TriNOx)]) vs. Time plot under pseudo-first order
La(Cp)3 conditions.
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Figure 6.4.19. Concentration of ln([Y(TriNOx)]) vs. Time plot under pseudo-first order of
6.1 conditions.
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Figure 6.4.20. Example of 1H NMR spectra of Y(Cp)3 reduction of 6.1 in the presence of
a tenfold excess of 6.1. Signals are too broad for reliable peak integration.
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Figure 6.4.21. Concentration of ln([La(TriNOx)]) vs. Time plot under pseudo-first order of
6.1 conditions.

228

Figure 6.4.22. Example of 1H NMR spectra of La(Cp)3 reduction of 6.1 in the presence of
a tenfold excess of 6.1. Signals are too broad for reliable peak integration.
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Figure 6.4.23. Variable concentration rate dependence of Y(Cp)3 for reaction with 6.1 at
0.5 h.
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Figure 6.4.24. Variable concentration rate dependence of La(Cp)3 for reaction with 6.1 at
4 h.
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Figure 6.4.25. Variable concentration rate dependence of 6.1 for reaction with Y(Cp)3 at
0.5 h.
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Figure 6.4.26. Variable concentration rate dependence of 6.1 for reaction with La(Cp)3 at
4 h.
6.5 References
(1)
Hicks, R. G. Stable Radicals: Fundamentals and Applied Aspects of OddElectron Compounds. Wiley: 2010.
(2)
Rozantsev, E. Free Nitroxyl Radicals. Plenum Press: 1970.
(3)
Ciriminna, R.; Pagliaro, M. Org. Process Res. Dev. 2010, 14, 245-251.
(4)
Nutting, J. E.; Rafiee, M.; Stahl, S. S. Chem. Rev. 2018, 118, 4834-4885.
(5)
Sheldon, R. A.; Arends, I. W. C. E. Adv. Synth. Catal. 2004, 346, 1051-1071.
(6)
Nicolas, J.; Guillaneuf, Y.; Lefay, C.; Bertin, D.; Gigmes, D.; Charleux, B. Prog.
Polym. Sci. 2013, 38, 63-235.
(7)
Gigmes, D. Nitroxide Mediated Polymerization: From Fundamentals to
Applications in Materials Science. Royal Society of Chemistry: 2016.
(8)
Soule, B. P.; Hyodo, F.; Matsumoto, K.-i.; Simone, N. L.; Cook, J. A.; Krishna, M.
C.; Mitchell, J. B. Free Radical Biol. Med. 2007, 42, 1632-1650.
(9)
Zarling, J. A.; Brunt, V. E.; Vallerga, A. K.; Li, W.; Tao, A.; Zarling, D. A.; Minson,
C. T. Frontiers in Genetics 2015, 6, 325.
(10)
Nguyen, H. V. T.; Detappe, A.; Gallagher, N. M.; Zhang, H.; Harvey, P.; Yan, C.;
Mathieu, C.; Golder, M. R.; Jiang, Y.; Ottaviani, M. F.; Jasanoff, A.; Rajca, A.; Ghobrial, I.;
Ghoroghchian, P. P.; Johnson, J. A. ACS Nano 2018, 12, 11343-11354.
(11)
Griffith, O. H.; Waggoner, A. S. Acc. Chem. Res. 1969, 2, 17-24.
(12) Berliner, L. J.; Eaton, S. S.; Eaton, G. R. Distance Measurements in Biological
Systems by EPR. Springer: 2001.

231

(13) Hustedt, E. J.; Beth, A. H. Annu. Rev. Biophys. Biomol. Struct. 1999, 28, 129153.
(14) Altenbach, C.; Oh, K.-J.; Trabanino, R. J.; Hideg, K.; Hubbell, W. L. Biochemistry
2001, 40, 15471-15482.
(15) Hanson, P.; Millhauser, G.; Formaggio, F.; Crisma, M.; Toniolo, C. J. Am. Chem.
Soc. 1996, 118, 7618-7625.
(16) Haugland, M. M.; Lovett, J. E.; Anderson, E. A. Chem. Soc. Rev. 2018, 47, 668680.
(17) Grubbs, R. B. Polym. Rev. 2011, 51, 104-137.
(18) Gallagher, N. M.; Olankitwanit, A.; Rajca, A. J. Org. Chem. 2015, 80, 1291-1298.
(19) Olankitwanit, A.; Kathirvelu, V.; Rajca, S.; Eaton, G. R.; Eaton, S. S.; Rajca, A.
Chem. Commun. 2011, 47, 6443-6445.
(20) Demir, S.; Jeon, I.-R.; Long, J. R.; Harris, T. D. Coord. Chem. Rev. 2015, 289290, 149-176.
(21) Caneschi, A.; Gatteschi, D.; Sessoli, R.; Rey, P. Acc. Chem. Res. 1989, 22, 392398.
(22) Kanetomo, T.; Ishida, T. Inorg. Chem. 2014, 53, 10794-10796.
(23) Kanetomo, T.; Yoshii, S.; Nojiri, H.; Ishida, T. Inorg. Chem. Front. 2015, 2, 860866.
(24) Kanetomo, T.; Yoshitake, T.; Ishida, T. Inorg. Chem. 2016, 55, 8140-8146.
(25)
Kanetomo, T.; Kihara, T.; Miyake, A.; Matsuo, A.; Tokunaga, M.; Kindo, K.; Nojiri,
H.; Ishida, T. Inorg. Chem. 2017, 56, 3310-3314.
(26) Huang, G.; Daiguebonne, C.; Calvez, G.; Suffren, Y.; Guillou, O.; Guizouarn, T.;
Le Guennic, B.; Cador, O.; Bernot, K. Inorg. Chem. 2018, 57, 11044-11057.
(27) Kim, J. E.; Bogart, J. A.; Carroll, P. J.; Schelter, E. J. Inorg. Chem. 2016, 55, 775784.
(28) Bogart, J. A.; Lippincott, C. A.; Carroll, P. J.; Schelter, E. J. Angew. Chem. Int. Ed.
2015, 54, 8222-8225.
(29) Fang, H.; Cole, B. E.; Qiao, Y.; Bogart, J. A.; Cheisson, T.; Manor, B. C.; Carroll,
P. J.; Schelter, E. J. Angew. Chem. Int. Ed. 2017, 56, 13450-13454.
(30) Cheisson, T.; Schelter, E. J. Science 2019, 363, 489–493.
(31) Picayo, G. A.; Jensen, M. P., Chapter 305 - Rare Earth Separations: Kinetics and
Mechanistic Theories. In Handbook on the Physics and Chemistry of Rare Earths.
Elsevier: 2018; Vol. 54, pp 145-225.
(32) Osanai, K.; Okazawa, A.; Nogami, T.; Ishida, T. J. Am. Chem. Soc. 2006, 128,
14008-14009.
(33) Kawakami, H.; Tonegawa, A.; Ishida, T. Dalton Trans. 2016, 45, 1306-1309.
(34) Evans, D. F. J. Chem. Soc. 1959, 2003-2005.
(35) Osada, S.; Hirosawa, N.; Ishida, T. Tetrahedron 2012, 68, 6193-6197.
(36)
Rajca, A.; Mukherjee, S.; Pink, M.; Rajca, S. J. Am. Chem. Soc. 2006, 128,
13497–13507.
(37)
Leznoff, D. B.; Rancurel, C.; Sutter, J.-P.; Rettig, S. J.; Pink, M.; Kahn, O.
Organometallics 1999, 18, 5097-5102.
(38) Wang, Q.; Li, Y.; Wu, G.-s. Chem. Commun. 2002, 1268-1269.
(39) Zeika, O.; Li, Y.; Jockusch, S.; Parkin, G.; Sattler, A.; Sattler, W.; Turro, N. J. Org.
Lett. 2010, 12, 3696-3699.
(40) Ottaviani, M. F.; Modelli, A.; Zeika, O.; Jockusch, S.; Moscatelli, A.; Turro, N. J. J.
Phys. Chem. A 2012, 116, 174-184.
(41) Porel, M.; Ottaviani, M. F.; Jockusch, S.; Turro, N. J.; Ramamurthy, V. RSC Adv.
2013, 3, 427-431.

232

(42)
Parmon, V. N.; Kokorin, A. I.; Zhidomirov, G. M.; Zamaraev, K. I. Mol. Phys.
1975, 30, 695-701.
(43) Stoll, S.; Schweiger, A. J. Magn. Reson. 2006, 178, 42-55.
(44) Forrester, A. R.; Thomson, R. H. Nature 1964, 203, 74-75.
(45) Marx, L.; Rassat, A. Tetrahedron Lett. 2015, 56, 1762-1763.
(46)
Goodwin, C. A. P.; Chilton, N. F.; Vettese, G. F.; Moreno Pineda, E.; Crowe, I. F.;
Ziller, J. W.; Winpenny, R. E. P.; Evans, W. J.; Mills, D. P. Inorg. Chem. 2016, 55, 10057–
10067.
(47) Schoo, C.; Bestgen, S.; Schmidt, M.; Konchenko, S. N.; Scheer, M.; Roesky, P.
W. Chem. Commun. 2016, 52, 13217-13220.
(48) Fortier, S.; Kaltsoyannis, N.; Wu, G.; Hayton, T. W. J. Am. Chem. Soc. 2011, 133,
14224-14227.
(49) Fortier, S.; Brown, J. L.; Kaltsoyannis, N.; Wu, G.; Hayton, T. W. Inorg. Chem.
2012, 51, 1625-1633.
(50)
Evans, W. J.; Perotti, J. M.; Doedens, R. J.; Ziller, J. W. Chem. Commun. 2001,
2326-2327.
(51) Langeslay, R. R.; Walensky, J. R.; Ziller, J. W.; Evans, W. J. Inorg. Chem. 2014,
53, 8455-8463.
(52)
Cole, B. E.; Falcones, I. B.; Cheisson, T.; Manor, B.; Carroll, P.; Schelter, E. J.
Chem. Commun. 2018, 54, 10276–10279.
(53) Cheisson, T.; Solola, L. A.; Gau, M. R.; Carroll, P. J.; Schelter, E. J.
Organometallics 2018, 37, 4332-4335.
(54)
Cheisson, T.; Cole, B. E.; Manor, B. C.; Carroll, P. J.; Schelter, E. J. ACS
Sustainable Chem. Eng. 2019, 7, 4993-5001.
(55)
Bogart, J. A.; Cole, B. E.; Boreen, M. A.; Lippincott, C. A.; Manor, B. C.; Carroll,
P. J.; Schelter, E. J. Proc. Natl. Acad. Sci. U.S.A. 2016, 113, 14887-14892.
(56) Solola, L. A.; Zabula, A. V.; Dorfner, W. L.; Manor, B. C.; Carroll, P. J.; Schelter, E.
J. J. Am. Chem. Soc. 2017, 139, 2435–2442.
(57) Blackmond, D. G. Angew. Chem. Int. Ed. 2005, 44, 4302-4320.
(58)
Blackmond, D. G. J. Am. Chem. Soc. 2015, 137, 10852-10866.
(59) Schumann, H.; Glanz, M.; Hemling, H.; Ekkehard, H. F. Z. Annorg. Allg. Chem.
1995, 621, 341-345.
(60) Winge, R. K.; Peterson, V. J.; Fassel, V. A. Inductively Coupled Plasma-Atomic
Emission Spectroscopy: Prominent Lines. Applied Spectroscopy 1979, 33, 206-209.
(61) Bruker, APEX 3 (v2016.1-0), Bruker AXS Inc., Madison, Wisconsin, 2015.
(62) Bruker, SAINT (v8.37a), Bruker AXS Inc., Madison, Wisconsin, 2012.
(63) Bruker, SADABS (v2014/5), Bruker AXS Inc., Madison, Wisconsin, 2001.
(64) G. M. Sheldrick Acta Crystallogr. Sect. A: Found. Crystallogr., 2015, A71, 3-8.
(65) G. M. Sheldrick Acta Crystallogr. Sect. C: Cryst. Struct. Commun., 2015, C71, 38.
(66) Bain, G. A.; Berry, J. F. J. Chem. Educ. 2008, 85, 532.
(67) Stoll, S.; Schweiger, A. J. Magn. Reson. 2006, 178, 42-55.

233

